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A B S T R A C T
The phase transform ation types operative in the decomposition of 
partially stabilised and fully stab ilised^  Zr-Mo binary and Zr-M o-Al 
ternary  alloys have been investigated with hardness, x -ray  diffraction 
and metallographic methods. The report is presented in two volumes.
In all these alloys, decomposition of the (5 phase involves the m eta­
stable hardening phase whose tem perature stability is of g reat in terest 
to reactor technologists. It is demonstrated that although quenched alloys 
containing to yield higher hardness than either cL or , ageing renders 
such alloys harder by 100-150 V.P.N 0 Furtherm ore, although in both 
binary and ternary  alloys the increase in ageing hardness is inversely 
proportional to the tem perature of ageing, the increase is markedly 
greater in the ternary  alloys containing aluminium (c.p.423 and 480 V .P 0Ne 
at 500°C for 7% Mo binary and 7% Mo-3% A1 ternary  alloy). Thus ternary  
alloys compounded by the addition of©£ stabilising substitutional solutes 
to j8 -binary alloys enhance the tem perature stability by raising the 
(U +|&  ) / (  0 e + o l ) boundary and allowing la rger proportions of to 
coexist with jS during ageing.
a #The part played in the transform ations by p  platelike precipitates has 
been found to be unimportant in water-quenched specim ens. The precip i­
tates are  however induced by hydrogen and are most probably m etastable 
hydrides. Larger quantities of hydrogen ( ' y  0.5 at,%) do affect the decom­
position of the f t phase, causing higher as-quenched hardness but lower 
ageing hardness than in normal water-quenched alloys. In term s of the 
( CJ + |S ) metastable constitution alone this behaviour is inconsistent and 
puzzling.
An extensive litera tu re  survey has enabled the experim ental contribution 
to be assessed  in term s of the behaviour of other |3 -zirconium  anc* (3 - 
titanium alloys. C ritical compositions-**®e.g.all- kf peak, complete stab ili­
sation of /} and ( (o + (3 ) mixture yielding the highest ageing hardness —  
appear to be directly related to the (5 stabilising capacity of the solute 
and consequently reflect an electronic factor.
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1. I N T R O D U C T I O N
1.1 STATEMENT OF THE PROBLEM
1.1 .1 . H istorical Development of the Problem
The initiation of system atic program m es, in the early  1950fs by the 
W estern countries and Russia, to investigate the behaviour of zirconium 
and its alloys was planned largely fo r engineering applications and not 
so much for academic in terest. The metal had been postulated and sub­
sequently discovered as early  as the end of the eighteenth century in 
its naturally occurring oxide by the German chem ist K la p ro th ^ .
Owing to its high reactivity, early  attempts to isolate the pure metal 
met with little success. The effect of its great affinity for oxygen and 
nitrogen was to cause brittleness and obscure the properties which 
make it so desirable in modern technology.
It was not until 1925 that van Arkel and de Boer^ succeeded in produ­
cing both zirconium and titanium of high purity by the iodide process.
In 1946, Kroll at the U.S. Bureau of Mines, produced titanium on a pilot 
plant scale by the magnesium reduction of titanium tetrachloride. In 
1948, the Kroll process was applied on a com m ercial scale.
K roll’s process for the magnesium reduction of titanium was soon 
a
followed byAsim ilar method for zirconium. The two processes grew 
simultaneously after the war; while the a irc ra ft industry urged the 
initial development of titanium, reactor technology contributed to the 
rapid development of zirconium. It was found that the metal possessed 
a very low neuron absorption cross-section^ and this property combined
A
23
with the excellent resistance of zirconium to hot water corrosion makes 
it a potential structu ra l m aterial for therm al reacto rs of the w ater­
moderated, water-cooled type. Zirconium was thus chosen for this pur­
pose by the U.S. for nuclear submarines A
The chief weakness of zirconium in reactor applications, which form s 
the basis of the problem under investigation, lies in the m etal’s re la ­
tively low creep strength at elevated tem peratures. Although alloying 
provided a m easure of success, the combination of alloying and ageing 
achieved even g rea ter improvements in its hot strength properties.
The anomalous increases in hardness of some $  -alloys following 
ageing treatm ent had previously been observed in titanium alloys. 
Connection of this anomaly with the metastable phase to in titanium 
alloys was f irs t  established by P a rris , Hirsch and F ro s t.5 It soon be­
came apparent that strength properties conferred by m  disappeared 
abruptly at between 500 and 550°C. As the operating efficiency of 
reacto rs increased with operating tem perature, the reactor techno­
logists have sought to extend the stability of to 600 or 650°C. In 
order to appreciate the significance of the co phase, it is necessary to 
enumerate some of the transform ation features in $ - zirconium which 
give rise  to this phase.
1 .1 .2 . -Zirconium  Transform ations
Zirconium like titanium occurs in two allotropic form s. The low tem ­
perature modification is a hexagonal structure (@L ) stable below 
862°C; above this tem perature and up to the melting point, the stable
24
phase ( j8  ) is b .c.c . While the o L transform ation is unhampered 
in the pure metal, the differential solubilities of alloying elements 
cause the stabilisation of gL or |8  depending on the heats of solution. It 
is thus possible to retain  jB on quenching if a suitable alloying element 
is chosen. Although alloying affords a d irect means of lattice distortion 
and hardening, the existence of metastable phases offers a distinct and 
separate oportunity, since now the decomposition of is no longer direct, 
and properties may be enhanced by subsequent heat-treatm ent at low 
and medium tem peratures. It was in this context (i.e.alloying combined 
with ageing) that the hardening m etastable phase c^was f irs t discovered. 
The appearance of 0  after ageing conferred greater strength properties 
to a p-zirconium  alloy but only up to 500°C. It would be desirable to 
extend the stability range to 650°C in order to enhance the m etal’s use 
as a s tructu ra l m aterial in the type of reactor already re ferred  to. The 
possibility of extending the tem perature range over which cd is stable is 
not without foundation since recent investigations have shown that 
can be considered as a truly metastable allotrope. In this connection 
one may cite the highly important "pressure experim ents" during which 
the phase has been produced from  pure z i r c o n i u m . 8 jn addition, age- 
ing and reversion  treatm ents have established the m / ( ^ >  + p ) and 
(to + |5 ) / (  + 0C) boundaries which when extrapolated coincide with
the position on the tem perature ordinate (690°C on the equilibrium j  
metastable diagram) yielded by the "p ressure" resu lt for pure zirco- 
nium. As the tem perature of the c C /jS  transform ation may be raised  
or depressed by alloying, so by implication, the (*& + fl ) / (  + °^  )
boundary may also be raised  or depressed. The academic in terest has 
naturally become fused with in te rest in the m etal’s applications. A full 
appreciation of the electron distributions in the allotropes of zirconium
25
may be considered the ultimate aim, but to achieve this by d irect methods 
is not yet possible. The adoption of a less d irect approach of investiga­
ting alloying behaviour and physical properties can, however, provide fun­
damental information as well as provide data for future work.
The variety of transform ations observed in f> zirconium and titanium may 
also be profitably viewed as interesting examples of a more general class 
of b .c.c . transform ations. Minimum energy requirem ents generally de­
mand that movements occur on densely packed planes and in the directions 
of closest distances of approach. Thus the anc* Planes
and type directions in the b .c .c .s tru c tu re  play an important part
in all these transform ations. Since limited displacements may be con­
sidered as m istakes or faults in the b.c.c.packing sequence,the nature of 
faulting in the b .c .c .s tru c tu re  is also a study of in terest in its own right.
1 .1 .3 . On the Choice of Molybdenum and Molybdenum Compositions
The problem of the present investigation may be stated simply as fu rth e r­
ing the knowledge of alloy behaviour of $ -zirconium . Alloys of 5, 6 and 
7% molybdenum (see section 4.1.1. for analyses) were chosen for the 
following reasons:-
1 To complement previous work on zirconium-molybdenum alloys 
perform ed by Miodownik and his coworkers9>10 in the departm ent.
2 Molybdenum is a ft stab iliser, a requirem ent necessary for the 
retention of $  on quenching.
3 The solubility and hence the composition dependence of some 
properties is more marked than that for other solutes and data
on zirconium-molybdenum is lacking.
4 The compositions 5, 6 and 7% molybdenum occupy a critica l 
range in the transform ation characteristics.
The significance of the composition range chosen for investigation lies 
in the fact that the quenched |S often resu lts in mixed p h a se s* !"^  (i.e. 
/ + a ) , u , «  + p ,  p ) the proportions of which affect the mecha­
nisms and kinetics of the subsequent ageing transform ations. These 
proportions of ©4. , Wand coexisting are, in turn,determ ined by the 
amount of solute present in the zirconium .H -14 From  previous worl* 
the expected proportion of J3 coexisting with as the quenched phase 
mixture is alm ost 100 per cent at 7% in contrast with the other c r i t i­
cal range (2-3% Mo), where the proportion of J? is at a minimum 
(see F igs. 20, 21 p296).
1 .1 .4 . Ternary Alloys with Aluminium
Aluminium was chosen as the second addition element for a ternary  
alloy because it combines a number of interesting features. It is an 
DC stab iliser and the parallels drawn between the (dC + P ) / P  and 
(W+j^ ) / (  j$ e  +oC  ) boundaries imply that sm all amounts of alum i­
nium could ra ise  the (W + P ) / (  0 e+<* ) boundary and thus increase 
the tem perature range over which is stable (assuming that the alu­
minium does not eliminate the tendency to form the cs phase by the
binary base). Also the different atomic size (2.857 A as compared to 
« ©
3.20 A for p-zirconium  and 2.720 A for molybdenum), coupled with
a sm aller ionic radius (A l3+ = 0.5 A, Z r4+ = 0 .8  A )  15
could enhance the stability of to . A third property of no less im port
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to nuclear technologists is the particularly  low neutron-absorption c ro ss- 
section exhibited by aluminium (0.215 barn, not much la rger than the 
value 0.18 for zirconium).
In order to observe the effect of aluminium, it was suggested that the 
initial additions of this solute be sm all—one or two atomic per cen t— so 
that the consequent c< stabilising effect would not offset the ft retaining 
contribution from  the molybdenum additions. Thus the ternary  composi­
tions selected w ere:-
Zr - 5% Mo - 1.5% A1 
Zr - 7% Mo - 1% A1 
Zr - 7% Mo - 3% A1
1 .1 .5 . Hydrogen and p
Generally associated with many water quenched -alloys of both zirco- 
nium^> 12,17 ancj titaniumIS are  plate-like precipitates known as . 
Published reports assume these precipitates to be hydride phases 
apparently because of their sim ilarity  with those occurring in c< titanium 
which have been identified as hydrides.!8-24 However, the greater solubi­
lity of hydrogen in the phase suggests that its rejection as a hydride p re ­
cipitate is unlikely. An explanation for the presence of is consequently 
desirable if the transform ations occurring in the phase are  to be under­
stood. Experiments were therefore designed towards its structu ra l identi­
fication and to determ ine its effect on the mechanism and kinetics of 
transform ation.
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lo 1. 6. On the Selection of Experimental Techniques
In so far as an investigator is restric ted  in the choice of experimental 
techniques, how the solution may be attempted can be legitim ately view­
ed as an aspect o f.the problem at hand. Although their selection is 
largely a m atter of convenience, yet experience allows the minimum 
experimental techniques to be stated which are necessary to establish 
an accurate descriptive theory of a process and to provide information 
for the testing of theories. It is found that, in general, more than one 
type of m easurem ent is required to satisfy these conditions. According­
ly, three independent techniques have been suggested; namely - Hardness 
Tests, Metallography and X -ray Diffraction Methods.
1 .1 .7 . Summary of the Problem
The problem pursued is therefore the investigation of the transform ation 
characteristics of six |5 -zirconium  alloys - three binaries with molyb­
denum and three te rnaries with molybdenum and aluminium -
Zr - 5%' Mo Zr - 5% Mo - 1.5% A1
Zr - 6% Mo Zr - 7% Mo - 1% A1
Z r - 7% Mo Zr - 7% Mo - 3% A1
by resorting to hardness tests, metallography and X -ray diffraction. 
"Transform ation C haracteristics” may be construed as including the 
following elem ents:-
1 The identification of the main decomposition products - i.e . ^  ,
Ca$ , and oi phases - and the establishment of their transform a­
tion sequence.
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2 The mechanics and kinetics (i.e. ra tes decomposition and fo r- 
mation of phases and amounts of the phases the transform ation 
involved).
3 The determ ination of the nature and influence of im purities, in p a r­
ticu lar, hydrogen.
4 Identification of the plate-like precipitates, p  , commonly asso ­
ciated with many water-quenched ^-zirconium  and titanium 
alloys.
1,2. TERMS AND SYMBOLS
The confusion arising from  the anomalies and bbscurities of the fine scale 
reactions in ^-zirconium  are reflected in the inconsistencies of term ino­
logy and usage to be found in the lite ra tu re . Often the reaction process, com­
position and structu ra l condition serve as basis for naming transform ation 
products in a single report, viz - quenched f t  , retained , enri^ched, $ 
equilibrium and diffuse co ,b u £ . the same symbols may be given different 
meanings in other works. A further confusion is to be found in the choice of
/  is  &
symbols representing these products, viz - e£, ©£ and o (  , and ft . 
Accordingly a short glossary of term s employed in this report is given below.
TABLE I
Terms and symbols.
Term symbol Definition
alpha eC Low tem perature modification of z irco ­
nium with a hexagonal crysta l structure ,
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TABLE I (contT)
Term  symbol
Massive alpha ©£m
/
Alpha prim e 0 <
Alpha double- ©Ci 
prime
Definition
c / a  = 1.593. The term  is also 
employed in a general way when 
distinction between various types 
of ©4 is unnecessary.
When the zirconium contains 
minute quantities of impurity 
(especially O2 and N2 ), the oL  
formed from  on quenching 
has irregu lar se rra ted  edges 
which bears no apparent o rien ta­
tion with the ^  e It is then known 
as
Easily recognisable type of 
with widmanstatten or acicular 
structure of varying complexity. 
It is produced by quenching a 
partially stabilised p  or stab ili­
sed , the alloy content being in 
excess of the ©£m impurity level.
A phase of lower symm etry i
(orthorhombic) than dL and DC ;
J
may co-exist with gC, or 0  upon 
quenching and believed to form  
when the solute atom is both f i -  
stabilising as well as la rger than 
the solvent atom.
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TABLE I (cont’d)
Term
Beta
Retained beta
Enriched beta
symbol Definition
High tem perature allotrope of 
zirconium with b„c0c 0 structu re . 
Like ©c the term  may also apply 
generally when no distinction is 
necessary between different 
types of ^  o
>0  Certain alloy additions stabilise
0  -zirconium so that on quench­
ing the §> is retained, Such |l is 
assumed to possess the same 
composition as the original high 
tem perature ^  , The subscript 
"o" is p referred  since " r"  is 
used to denote another type of
*r  @ 0  aSe<^  a t between 400-550°C
progressively becomes enriched 
with solute atoms by virtue of 
diffusional processes to form 
The lattice param eters 
are  consequently reduced (in the 
alloys in question, where the 
solute atoms are  sm aller than 
-zirconium  atom) but the b oc 0c 
structure is maintained.
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TABLE I (cont’d) 
Term
Equilibrium
beta
Beta
double-prime
Omega
Bulk omega
symbol Definition
A type distinctly richer in 
solute than |Br  and marking 
the lim it of solubility for the 
solute atom„
p  Platelike precipitates, general­
ly etching as dark troughs, com­
monly associated with many 
water quenched P-zirconium  
alloys o p  is thought to be hydro­
gen induced. No definite crysta l- 
lographic identification,
£a3> A hexagonal m etastable allotrope
(c /a  0,615-0.625) of zirconium, 
produced most conveniently by 
quenching a Jl -stabilised alloy 
followed by ageing. &$is a harden­
ing phase.
Fully 3-dimensional 0  obtained 
by quenching a | |  stabilised alloy. 
Its formation is critically  depen­
dent on alloy composition. The 
subscripts mb refer to "m arten- 
sitic bulk".
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TABLE I (cont'd) 
Term
Diffuse omega
Aged bulk CO
Impoverished or 
ordered U)
M artensite s ta rt
symbol Definition
Quenched alloys in which 
the jj is retained may often 
contain lattice faults which 
are crystallographically im ­
perfect or 2 -dimensional 
^  d produces diffuse x- 
ray diffractions 0 and
^ m b  are necessarily  m ar ten- 
s it ic and sim ilar.
COak All aged &0 is 3 dimensional
and so of the bulk variety.
^ a b -p  ^ a b - p  is cowhich as the re -
^ a b -o  su^  loosing solutes to P r
becomes impoverished in solute. 
There is some evidence that the 
few remaining solute atoms may 
assume preferred  positions in 
the lattice and hence the a lte r ­
native term .
e*Mg and Tem perature at which the m ar-
Ms tensitic reaction begins. The
reaction may be in connection 
with ©4 or .
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TABLE I (cont'd) 
Term  
M artens ite 
finish
symbol Definition
odMjr and Tem perature at which the m ar-
Mjp tensitic reaction ends. The re a c ­
tion may be in connection with
c£ o r
10 2 „ 1. Specimen Designations
The specimens in the present investigation were designated on the 
basis of alloy composition and num erical o rder. The f irs t figure de­
notes the per cent (5, 6 or 7) molybdenum, molybdenum being re p re ­
sented by M, after which comes the sequence number of the specimen. 
Thus reading directly 5M 8 means "zirconium - 5% molybdenum, 
specimen No. 8 TV An "X" added implies that the specimen has been 
prepared (generally reduced to wire) for X -ray diffraction after heat- 
treatm ent.
The ternary  alloys containing molybdenum and aluminium are desig­
nated in a sim ilar manner, the le tte r "A" representing aluminium. 
Thus 7M 3A 5 reads d irectly ,"zirconium  - 7% molybdenum - 3% 
aluminium, specimen No. 5." The x -ray  diffraction specimen is like­
wise indicated by a term inal "X".
T H E O R E T I C A L  A S P E C T S
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2. L IT E R A T U R E  R E V IE W
2.1. ATOMIC STRUCTURE
2 .1 .1 . The F ree Zirconium Atom
Zirconium, atomic number 40, is a transition m etal. The tran ­
sition m etals occupy places in the Periodic Table of Elements 
where groups of 8 electrons expand into groups of 18 electrons 
by the building up of an (n d)1 0  sub-group, [ 8 (s2p6) —*• 
18(s2p6dl°)J .
The free zirconium atom has four electrons outside the kryp!- 
ton like core: two in 4d states and two in 5 s sta tes. It may 
thus exhibit a maximum effective valency of 4. The electron 
distributions of its Period neighbours - i.e .K r, Rb, Sr, Yt, (Zr) 
Nb and Mo - and m em bers in its subgroup IV A— Th(Zr) Hf 
and Th«— are  given below (Tables 2 and 3)
TABLE 2
Electronic S tructures of free atoms (Z = 36 to 42)
!
Element
Atomic
Number
Z
......—  ................ j
Principal and Secondary Qu. Numbers
n=l 2 3 A 5
1 = 0 1 2 3 0 1
Kr 36 2 8 18 2 6 0 -
Rb 37 2 8 18 2 6 - - 1 -
Sr 38 2 8 18 2 6 - - 2 -
Yt 39 2 8 18 2 6 1 - 2 -
Zr 40 2 8 18 2 6 2 - 2 -
Nb 41 2 8 18 2 6 4 - 1 -
Mo 42 2 8 18 2 6 5 - 1
'
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TABLE 3
Electronic S tructures of free atoms (subgroup IV A)
Atomic | Principal and Secondary QuJNTumbers
I Number ii CO 3 4 5 6
Element Z 1 = 0 1 2 0 1 2 3 0 1 2 3 0
Ti
22
2 8 2 6 2
Zr 4° 2 8 2 6 10 2 6 2
Hf 72 2 8 2 6 10 2 6 10 14 2 6 2 2
Th 9 0 Most probable arrangem ent of outer electrons
according to Seaborg, Katz and M a n n in g 2 5  are 
(6d)2(7s)2 or (5f)l(6d)l(7s) 2
2 . 1,1 M etallic Zirconium
If the free atoms of a transition element are  com pressed until 
they form  a solid metal, the general effect is that, a t the in te r­
atomic distances found in m etallic crystals, the energy levels 
of the ns, np, and (n - l)d states of the free atoms broaden into 
overlapping bands. Thus as Pauling26,27,28 f irs t pointed out, 
it is more accurate and meaningful to re fer to the energy band 
created as hybridised (s.p.d.) quantum states, the proportion of 
the d function in the lower energy range of the hybrid band in­
creasing with the number of the Group. Hybridisation enables 
different promoted electronic distributions to be realised  with­
in the ’band’. Thus for zirconium, (4s)2(4p)6 (4d)3 (5s)l, 
(4s)2 (4p) 6 (4d)4, (4s)2(4p) 6 (4d)1 (5s)3, are all possible. It is in 
the many possible configurations (including ’spin’) of the outer 
electrons that the physical properties of the transition elements 
are thought to orig inate, There are  indications which suggest
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that there is no appreciable change in the number of valency 
electrons between alpha and beta zirconium. F irstly , the atomic 
volumes of alpha and beta are  very sim ilar .29 Secondly, there 
does not appear to be any discontinuity in the paramagnetic su s­
ceptibility g reater than that which could be accounted for as due 
to the change in crysta l structure at the transition from  alpha 
to beta.30 These general observations do not preclude sm all 
energy differences (e.g. the work function |> of <x and 
differ by 0 . 1 - 0 . 2  e.v.) in the two structures since these may be 
produced by different electron distributions as pointed out in 
the section on Brillouin Zones and Valency (pp 46,47).
2 .2 . THE MECHANISM OF THE oC^ir|3 TRANSFORMA­
TION IN UNALLOYED ZIRCONIUM
The << ^  /3 transform ation in zirconium was f irs t  observed 
by Zwikker^l with electrical resistance m easurem ents. Since 
then, the transform ation process in zirconium and its alloys 
has been studied with a variety of techniques.
The transition tem perature, 862 + 5°C was deteterm ined with 
metallographic and dilatom etric techniques by Vogel and 
T o n n . 3 2  The ft is stable up to the melting point 1852°C . 3 3 , 3 4 , 3 5  
Zirconium will undergo a sharp transition only when it is p u r e . 3 7 , 3 8  
The inability to detect the sharpness of transition by some early  
i n v e s t i g a t o r s 3 1 > 3 2  was attributed to the presence of im purities, in 
particular,oxygen . If an attem pt is made to suppress the f t  
transform ation (i.e. retain  the p phase) by rapid quenching, it will
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be found to be impossible although the tem perature of tra n s ­
formation is slightly lowered under these conditions , Since 
the f irs t experim ents by Hayes and Kaufman who achieved a 
quenching rate of 3, 2 0 0 ° C /s e c 3faste r quenching™ 6 , 900°C/sec„ 
with a helium quench by Hatt and R obers,H  8 , 0 00°C /sec ,fo r 
titanium by Brown, Jepson and H e a v e n s a n d  10, 000°C /sec, 
by Duwez39«=have failed to reta in  the J§ phase in pure z i r ­
conium and titanium. This observation is in agreem ent with 
the behaviour of other pure polymorphic m etals. The 
transform ation is  a diffusionless reaction often called a 
m artensitic transform ation. It is achieved by a combination 
of shifts and expansions (see, Faulting in the B ,C ,C ,Structure 
on page 90 ) which generally cause relief rumpling of the 
specimen surface. The crystallographic correspondences opera- 
tive in the transform ation w ere  determ ined by B urgers
who made m easurem ents on a single crysta l of zirconium . The 
orientation relations resulting from  the transform ation are  such 
that
(0 0 0 1 ) I I  (1 1 0L  and f l l S o ]  I f  fl 1 l l«c l| p L jp
which indicate; that close “packed planes and directions in the 
b,c,c„ rem ain parallel to those in the hexagonal structure whether 
the transform ation is in the forward direction or in the backward 
direction. Except for minor discrepancies,the same relationships 
are also observed for titanium^ 1 >42,43 s These transfo rm a­
tion orientation correspondences are  in agreem ent with the 
theory of m artensitic transform ations put forward by Mackenzie 
and Bowles,'44,45,46
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If instead of quenching, the specimen is slowly cooled or held 
near the transform ation tem perature, the reaction occurs very 
slowly indicating that the transform ation process is one of 
nucleation and growth In experiments carried  out with a 
hot stage m icroscope, P fe if fe r^  f irs t  observed ©4 Ti on 
cooling from  the j$ field at a tem perature between 860 and 
870°C, i 0e. 15-20°C below the transform ation temperature,,
Wiskel, Youdelis and P a r r ^ 9  tn sim ilar experim ents in which 
the cooling rate was about 2°C /m in , also observed that surface 
rumpling occurred They concluded that nucleation of was 
atherm al but that in view of the fact that ©C form ation continu­
ed when the tem perature was held constant, isotherm al p ro g res­
sion was possible once the transform ation had s ta rted „
The Orientation relationships between and |§ whether 
resulting from  shear (martensitic) type or diffusion-controlled 
reaction rem ain the sam e. Furtherm ore, of the possible 12 
orientations, only one mode is observed in repeated cycling of 
o50,51,52 xhis observation thus leads to the conclusion 
that there is no fundamental difference between the transform a­
tions of the shear type and ^ nucleation and growth* p ro cesses .
(The subject of m artensitic transform ations is discussed further 
in connection with the formation of the ©a phase on page 90 ).
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2 .2 .1 . The Effect of Impurity Elem ents on the U,
Transform ation Mechanism
The purity of any metal is never absolute„ The accidental in tro ­
duction of minute quantities of foreign atoms in zirconium as well 
as titanium occurs very readily because of the high reactivity of 
these m etals. If the impurity levels are  kept low, then the g reatest 
influence will be exerted by in terstitia l ra ther than substitutional 
atom s0 Both types, however, influence the relative stability of 
either the @€ phase or the p  phase— interstitia ls  (C>2 , N2 and 
C) are  generally* ^4 stab ilisers while substitutional atoms 
stabilise either ©( or . . The relative stability question is d is ­
cussed la ter (see pages 43-56 ). o f  potential theoretical in te r­
est is the effect of im purities— particularly, in te rstitia l im purities- 
on the mechanism of the transformation,, The belief that
in terstitia ls affect the  allotropic transform ation mechanism arise  
largely from  micrographic evidence.
It appears that the fam iliar lam ellar or needlelike m artensitic 
plates of only become evident with the introduction of oxygen 
or nitrogen. The of high purity zirconium and titanium (say* 
low oxygen crysta l bar), on the other hand, consist of large irreg u ­
la r grains with extrem ely se rra ted  boundaries, bearing no relation
* The $  stabilising effect of hydrogen is discussed separately 
(P 56 ).
to the |3 grains from  which it must have developed* (See Plate 2  
p . 3 0 8  )o Further evidence in support of the impurity effect on 
the transform ation mechanism is the dilatom etric and resistance 
observation concerning the sharpness of the t r a n s i t i o n . 3 1 > 3 2 , 3 6  
In these experim ents, a diminution in the sharpness of the allo- 
tropic transition was observed with the introduction of very sm all 
amounts of oxygen. The details of the way in te rstitia ls  affect the 
transform ation mechanism are still obscure but it is thought that 
their action may be accomplished through the locking of disloca­
tions and donation of e lectrons„ 13,54,55
2 ,30 FACTORS AFFECTING THE STABILITY OF ©C AND 
0  IN PURE ZIRCONIUM
Polymorphism is a common feature among the Transition 
M etals. The low tem perature modification is usually a close- 
packed s tru c tu re . ©4 Ti, Zr and Hf are c.p.h. while Th is f.c .c . 
The b .c x . modification is the high tem perature modification in 
all ca ses . The existence of these modifications lies in the multi -
* The adjective "m assive" has been applied to the & t
transform ation and to the product ^  in these circum stances. 
The lack of orientation relation with jS is only superficial 
(section 2 . 1 6 . 2 .  )
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tude of competitive configurations of closely equivalent electronic 
states resulting from hybridisation„ Z e n e r^  has observed that 
full metals* tend to pack more closely than open m eta ls. Another 
theory proposed by Zener5?,58,59 to explain the occurrence of 
the b.c.c .s tru c tu re  is based on ferrom agnetism . According to 
this theory, ion-ion interaction promotes an antiferrom agnetic 
structure in which spins of the d electrons and electrons of n ear­
est neighbours are  oppositely aligned. Since the m ost important 
structure in which this condition is fulfilled is b .c.c ., the theory 
provides a plausible explanation for the occurrence of the s tru c ­
ture in the Transition M etals. Closely connected with the above 
question are  the reasons underlying the choice of close-packed 
structure (i.e.between hexagonal and cubic). Again, the choice 
depends largely on the electronic structure of the element in 
question. For titanium, Spreadborough^ has pointed out, after 
examining stacking-fault energies in close-packed lattices for 
calcium, scandium, and titanium, that the low -tem perature close- 
packed form  would be expected to be hexagonal ra ther than cubic 
(f.c.c.) «
Zener has also given a thermodynamic reason why the close- 
packed form  transform s to the more open b .c.c. structu re at
* Metals may be em pirically classified as "full” or "open” 
according to whether the ionic radii approach those of the 
atoms in size or are  much sm aller.
high tem peratures in term s of the la tte rTs gain in vibrational 
entropy which causes its free energy to fall more rapidly with 
tem perature than that of the close-packed structu re . More 
specific suggestions have been made by W illens^l who reports 
that anomalous temperature-dependence of some of the physi­
cal properties of alpha titanium can be correlated with changes
in the rate  of increase of the £ ratio  with increasing tem pera-a
ture. Using a free-electron  model , Willens proposes that e lec­
trons a t the top of the band at 0°K are  on overlapping Ferm i 
surfaces and that there is a sm all number of unfilled states 
available to the electrons below an energy gap associated with 
the c direction in k-space. It is argued, the electrons can 
make an appreciable positive contribution to the free energy as 
the tem perature is increased, and hence becomes unstable e
2.4. FACTORS AFFECTING THE STABILITY OF OC 
AND p  IN ALLOYED ZIRCONIUM
Solutes dissolving more in than in p  will ra ise  the tran s­
formation tem perature whereas if their solubility is g reater in 
$  than in ©4 , the transform ation tem perature will be depres­
sed. 13,62
The fundamental problem is however still one of determining 
the electronic distribution which is brought about by in terac­
tions between neighbouring atoms and their electron clouds.
The configuration with the sm allest F ree energy depends on 
the following factors listed by P fe i l^  as:-—
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1 Size Factor
2 F erm i Energy (Valency)
3 Electrochem ical Factor
4 Relative C rystal Structures
5 P referen tial Ordering
6 Anti-ferrom agnetic Coupling
2 .4 .1 . Size Factor
At a lower lim it, a foreign atom may be so sm all that it may not
be held in a substitutional position. Similarly, a large atom m arks
an upper lim it since it causes too g reat a s tra in  and disturbance 
to the lattice. Thus a favourable size range exists within which 
a foreign atom may form^extensive solid solution with the metal 
in question. The size factor principle (first put forward as an 
em pirical observation by Hume-Rothery, Mabbot and Channel- 
Evans63 and theoretically justified by T i m o s c h e n k o ^  and Darken 
and Gurry'65) states that, if the atomic diam eters of solvent and 
solute differ by more than about 14 - 15%, substitutional solid 
solutions will be restric ted .
Expressed theoretically the favourable size factor is 
1.15 where r ^  and r g  are  the atomic radii of solvent and solute 
m etals. For oC zirconium the favourable range is 2.72 to 3. 68  A 
at room tem perature. For ft zirconium the range is 2. 65 to 
3.58 A at 862°C. The size factor relationship of the elem ents to 
and ^ zirconium are shown in Figure 1 (p 290 ). Pfeil^2 
suggests that the slight difference in the size factor with respect
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to the two modifications, c< and , is likely to be of signifi­
cance only in borderline situations
Although it is the atomic radii of metals that are  of prim ary im ­
portance in form ation of solid solutions, the fact that partia l ioni­
sation can a lter the effective size of atoms means ionic radii are  
of in terest. Metals may be em pirically classified as "full" or 
"open" according to whether the ionic radii approach those of 
the atoms in size or are  much sm aller. Interference of ions in a 
solution of two "full" metals can cause restric tions in the extent 
of solid solution even though the normal size factor requirem ent 
has been met. Since the main in terest here is in the relative 
stabilities of and 0  zirconium, it is the size difference in 
the respective ionic cores that is of importance.
2 .4 .2 . P referen tial Ordering
Where the size factor is a borderline case, the solid solution that 
resu lts may be ordered so as to exist at a lower energy configura­
tion. Ordering occurs often in ternary  alloys, particularly  those 
with aluminium .66,67
2 .4 .3 . E lectrochem ical factor
Since zirconium is strongly electropositive, many of the elements 
which on size-factor grounds might form  extensive solid solutions 
will tend to form  stable interm etallic compounds instead, if they 
are electronegative or weakly electropositive. Again what is of 
in terest in connection with the question of relative stabilities of
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and |§ is the difference in the electrochem ical nature of ©< 
and p  —  but little data is available.
2 .4 .4 . Brillouin Zones, F erm i Energy and Valency
The form s of the outer Brillouin zones of close-packed hexagonal 
metals have been calculated by B erry, Waldron and Raynor 68  for 
titanium which has a closely sim ilar axial ra tio . The resu lts  have 
been confirmed by Pfeil62 and shown to hold for zirconium . In 
zirconium the outer zones culminating in the well marked zone 
formed by a combination of (1 0 1 2 ) and (1 1 2 0 ) planes can accom ­
modate 3.60 electrons per atom. Any overlap across the (1012) 
faces would take place in a zone bounded by (1013) and (1120) 
planes whose inscribed sphere corresponds to 5.81 electrons 
per atom. With alpha zirconium exhibiting a  valency of 4 there 
is certain  to be overlapping across the (1 0 1 2 ) faces. Pfeil points 
out that removing the overlap (caused at 4 electrons per atom) 
by altering the crysta l structu re would provide a la rger de­
crease in the average F erm i energy than further reduction of 
the number of valency electrons by alloying.
The outer Brillouin zones for the body-centred cubic structu res 
have been discussed by S e i t z  B erry, Waldron and R a y  n o r  ^ 0  
and by Nicholas^ *. These authors dem onstrate the importance 
of a zone bounded by (2 0 0 ) faces whose perpendicular distance 
from the origin of k-space is equivalent to an e lec tro n : atom 
ratio of 4.189 in the m etallurgy of 4-valent,body centred cubic 
metals. These elem ents can be expected to to lerate an increase
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of the electron: atom ratio  from  4. 0 to approximately 4.19 with- 
out increasing the average Ferm i energy abnormally.
Thus to sum up, the significance of Brillouin zone calculations 
for zirconium may indicate the relative stabilities of and 
according to the following observations:—-
1 Although the valency of e< and $ may be the same, the 
response of the Ferm i energy to changes, both upwards and 
downwards in the average number of electrons per unit cell, 
will be different in different structu res and will depend upon 
the Brillouin zone characte ris tics .
2 Accordingly, it is suggested that a sm all increase in the 
average number of electrons per atom could be better accom ­
modated by the structu re than by the o (  s tructure .
3 The reverse , i.e .decreasing  the electron concentration, may 
tend to stabilise ©£ .
2.5. THE GENERAL EFFECT OF SUBSTITUTIONAL 
ELEMENTS ON THE STABILITY OF o( AND p  
ZIRCONIUM
The Transition M etals to the right of zirconium in the Periodic 
Table— Groups V A, VI A, VIIA and VTII— stabilise fL and are  
considerably more soluble in $  than in (See Fig. 2 p 290 ). 
Solubility in ©6 is very lim ited (usually 4, 0.5 at. %) but tends to 
be somewhat g reater the lower the group number of the addition 
element. Solubility in |5 also varies with group number and
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ranges from  complete mutual solubility for Group V A elements —  
niobium and tantalum ^-to between 10 and 20 at,% for Group VIII. 
The variation in solubilities is controlled somewhat by the size 
fac to r. Manganese, iron, cobalt and nickel are  outside the favour - 
able range of size-facto rs and hence their solubilities in are  
restric ted . Such solubilities may increase considerably with in­
crease in tem perature, the solutions having a tendency to p re fe r­
ential ordering.
The magnitude of the effects of Groups I, II and III and the ra re  
earths is uncertain (IB, IIA and IIB—high volatility prevents 
easy preparation and study). However, where solution is favour­
ed, the indications are  that is stabilised (aluminium is 
definitely an oC stab iliser). They are also ineffective suppressors 
of the 0 — martensi t i c reaction. Members of Group IV are 
so alike that the effect is sim ilar to dissolving zirconium in z ir ­
conium with the size factor playing an increasing role (see, for 
example, the Z r-T i constitutional diagram).
Recently, Uy and Burr^^ have examined the phase stabilisation 
of $£ and p  in te rm s of Pauling valences. Table 4 shows that 
despite its em pirical approach, the Pauling valence is more con­
sistent than the ordinary chemical valence when assessing the 
stabilisation effect of solute m etals on ©< and p  zirconium.
The table dem onstrates clearly  that solutes whose Pauling valence 
is less than zirconium stabilise eC while those with a higher 
valence stabilise . Inasmuch as the»Pauling valences are 
periodic with atomic number, it can be said that the elements in
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TABLE 4
Effect of solute valence on the phase stabilisation of zirconium.
Pauling Ordinary Phase
Element Valence Valence Stabilised
Sb 1.56 3,5
Ge 2.56 4
Sn 2.56 2,4
Pb 2.56 2,4
A1 3 3 e<
Yt 3 3
Gd 3 3
Tb 3 3 o c
Dy 3 3 o<
Ho 3 3 e<
Er 3 3 o<.
Lu 3 3
In 3.56 3
Hf 4 4
Cd 4.56 2
Si 2.56 4 neither
Zr 4 4 _
Ti 4 4 P
Th 4 4 0
Zn 4.56 2 P
V 5 3,5
Nb 5 3,5
Ta 5 5 P
Cu 5.56 1 ,2 P
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TABLE 4 (cont’d)
1 Pauling Ordinary Phase
Element Valence Valence Stabilised
Ag 5.56 1 .
Cr 6 2,3, 6 p
Mo 6 3 ,4 ,6 §
W 6 6 0
U 6 4,6 p
Mn 6 2, 3, 4, 6 , 7 $
Fe 6 2,3 p
Co 6 2,3 p
Ni 6 2,3 P. 1
groups I-A, II-A, III-A, III-B, IV-B, V-B, and VIB are 
stab ilisers while those in groups IV-A, V-A, VI-A, VII-A, VIII-A, 
I-B, and II-B are  §  s tab ilise rs . The ordinary chemical valence 
do not show such consistency . Although the zirconium rich end 
of the Z r-A u diagram is not available, it can be expected that 
gold, having a m etallic valence of 5.56, would stabilise the ft 
phase.
Since the Pauling valence is the number of bonding electrons 
per atom, and these are  the only electrons whose energies are  
affected by therm al excitation, it can be inferred that the in tro­
duction of a solute which has a higher Pauling valence than that 
of the solvent ra ise s  the initial Ferm i level; consequently, the 
transform ation tem perature is lowered. The converse is also 
true. The fact that at the transform ation tem perature this s ta te ­
ment is s till fa irly  valid implies that the contribution due to the
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difference in specific heat term s of the two allotropes is com­
paratively sm all.
2 .5 .1 . $  -Retention C rite ria
The ability to retain  §  on quenching is related to f i s tab ilisa­
tion. Listing @  -stabilising elements for titanium in order Fe,
Bi, Mn, Cr, Co, Mo, Ni, Pb, Cu, V, and Nb, with iron as the most 
effective ^  re ta iner and niobium the least, Sato, Hukai, Huang 
and S uzuki^  suggest that the g reater the size factor, the g reater 
the effect of the addition element on depressing the Ms tem perature.
Alternatively, valency electron contribution of the addition elements 
has been equated with p  retaining effectiveness by Ageev and 
P e tro v a ^ . These investigators equate the minimum j i  retention 
ability with an average e lec tro n : atom ratio  in the structure of
4 .2 . M cQ uillan^ has however pointed out that the degree of sca t­
ter involved in their argum ent is too great to allow any valid con­
clusions to be drawn. A sim ilar principle has been employed by 
Luke, Taggart and P o l o n i s ^  to show and predict the effect of solute 
elements on o ( , £  and m etastable phases. An electron concen­
tration of 4.144 is given as the condition for complete |J retention 
This hypothesis is discussed in g reater detail in connection with 
the prediction c rite ria  for the Co) phase (page 137 ).
2 .5 .2 . Thermodynamic stability C rite ria
The contribution of solute additions to the stability of ©< and @ 
phases have been expressed as differences in free energy and heats
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of solution. According to D w ight^ the compositions, x, of 
and solid solutions which are in equilibrium with each other 
at a tem perature, T, are  given to a f irs t  approximation by the 
equation,
, x , ' QB /t\In = - —  (1)
RT
where R is the gas constant and Qg, an undefined heat quantity 
believed to vary periodically with atomic number of the solute 
and determined from  the phase diagram  in question. More 
explicit formulations are  given by Kaufman^ 6 and Betterton 
and Frye^^. They consider in a purely form al way, an alloy 
system Zr-Y  in which x represen ts the atomic fraction of e le­
ment Y. The free energy of the e i  phase, F **4 ,and the free 
energy of the @ phase, F^ , may be described at a tem perature 
T by the equations (2) and (3)
F* = (1 - x) F^r +xF.£ + F ^ +  RT j x l n x  + (l-x)ln(l-x) > (2)
F^ = (1 - x) F^+x Fy + Fg + RT jxlnx + (1 - x)ln(l - x|* (3) 
U PIn these equations F z r  and F z r are  the free energies of ^
Pand p  modifications of zirconium, while F y  and F y  are
the free energies of and {} modifications of the solute Y.
The excess free energies of mixing of &( and A phases in the
r  6alloy system  Zr-Y  are  represented by Fg and Fg . Equa­
tions (2) and (3) can be shown to yield:
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+ RT ln/l ~ x $ ^  _ (^E4* ~ X-^Je°<:) ~ ( "  x ^ E ^ ’.) (4)
1 “ X ,x ^  X v  A x""' X ^e\ £
A Fy  +RTln f e y  f a + ( ! - * )  <$*&*}
^  ox J
^ ^ + ( l - x )  (5)
J T lJ X p
as the condition for equilibrium and show directly how the d iffer­
ence in free energies between the ^  and (B modifications of 
zirconium and the solute Y contribute to the final values of 
and Xp at a tem perature T and thereby lead to the establishm ent 
of the equilibrium diagram . The ea rlie r  equation by Dwight is sim i­
la r to the left hand side expressions of equations (4) and (5). These 
formulations cannot by them selves be directly used for the pred ic­
tion of stability. However expressed in energy and physical te rm s , 
they enable valuable stability information to be obtained. Betterton, 
for example, has suggested that the effective valency of metallic 
zirconium is 2 ra ther than 4. Kaufman^ 6 after introducing approxi- 
mations for Fg  have calculated the (T0  - x) curves for some titan i­
um system s (see Fig. 35 p 301). As (T0  - Ms) is of the order of 
50°K, a means is afforded for calculating the Ms .
2. 6 . THE GENERAL EFFECT OF INTERSTITIAL ELEMENTS
o f
ON THE STABILITY^ U  AND $ ZIRCONIUM ALLOYS
2 .6 .1 . Effect on Equilibrium Phases ( o (  and p  )
O xygen^,79? nitrogen and carbon extend the ©4 field and ra ise  
the @(MS tem perature thus stabilising with respect to P  81,82
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Examples of ternary  system s with oxygen, nitrogen and carbon 
show that as in the binary system s, the effect is m ost pronounc­
ed for oxygen than for nitrogen and carbon. An interesting ex­
ception to the c< stabilising tendency of in terstitia ls  is reported 
by Hatt and W illiam s83 who found that in a zirconium -50% tita- 
nium ; p  was stabilised and subsequently retained upon quenching. 
Gridnev, Trefilov and M in a k o v ^  have since confirmed this obser­
vation. The reasons put forward to explain the observation in this 
ternary  alloy re s t  upon the competitive effects of f i  and o l s tab ili­
zation; the form er, deriving from the titanium additions (as shown 
by the investigations of Ginsburg*^, S h e l t o n ^ ,  Hayes and Kaufm ann^) 
reaches its maximum effect a t 50% titanium and the broadening of 
the phase boundaries in the ternary  system s may be sufficient to 
allow beta and omega stabilisation since the maximum tem pera­
ture of the / o C  loop is below 600°C
Interstitials may be expected to a s s is t the nucleation of an in te r­
mediate phase. A hypothesis put forward by McQuillanl3,88 \ n  an 
attempt to explain the precipitation of T iC r2 and o L  from  f t  
titanium -chromium alloys suggests that in terstitia ls  (C>2 and N2 ) 
can cause segregation or clustering a t solution tem peratures 
near the ( + fi ) /  f5 transus (See fuller discussion on page
154 ).
2 .6 .2 . Effect on Quenched Phases
Interstitial im purities, notably oxygen, markedly influence the 
free-energy relationships in zirconium alloy system s. In the
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0  -zirconium  alloys of in te rest to this investigation, the quenched 
metastable phases are  ©C , 0  and . It is shown la ter in sec­
tion (2.16.2) that their sequence of occurrence on quenching is de­
term ined by the interactions of the (v L , u>) Ms - Mp tem pera­
tu res. Since the general effect of oxygen, nitrogen and carbon is to 
ra ise  the <  Ms , it may be reasoned that in te rstitia l additions pro­
vide a means of altering the ( ,  o ) Ms - Mjp interactions and so 
changing the sequence of occurrence of quenched phases as well as 
their amounts in the quenched phase m ixture.
Property changes may be expected if transform ation processes 
and kinetics change. Hanson et al have studied the effect of oxygen 
on the as-quenched hardness and as-quenched resistiv ity  of a z ir-  
conium-2.5 per cent niobium-oxygen alloy.89 Oxygen additions up 
to 1600 p.p.m . increase the as-quenched hardness in a linear 
fashion. The resis tiv ity  for oxygen contents up to 1200 p.p.m. 
appears to be constant 64 /u- ohm cm.) or a t most very gradu­
ally increasing; it however r ise s  sharply to about 67.5 yu~ ohm cm. 
for oxygen contents between 1 2 0 0  and 1600 p.p.m.
2. 6 .3 . Effect on Ageing Kinetics and Products
The main observation during ageing is that in te rs titia ls  accelerate 
the reaction processes and thus hasten the form ation of equilibrium 
(X. in both jS -zirconium  and titanium alloys. Accordingly, 
DeLazaro and R o s t o k e r ^  showed that addition of oxygen up to 
0.5 wt.% progressively accelerated the decomposition of the f$ 
phase in a titanium - 11 wt.% molybdenum alloy and also raised  the
56
tem perature of the maximum reaction ra te 0 Their TTT diagram  is 
shown in Figure 39 (p 302 ). Sim ilar work by Kehl and R i c c a r d o ^  
on alloys containing 5.9 and 11 wt.% molybdenum with oxygen con­
tents varying between 0.07 and 0.79 wt.% yielded T 0T 0T 0curves 
representing 0.2 and 99% transform ation; this showed, like the ob­
servations of DeLazaro and Rostoker, that the time for both in itia­
tion and completion of the ft decomposition reaction was shorten­
ed progressively with increasing oxygen content, and the tem pera­
ture region of most rapid transform ation raised . These observations 
are also true for carbon as well as nitrogen additions.
The ra te  at which u> form s is also increased by addition of in te r­
stitia ls in both titanium and zirconium alloys .14,80,82 This effect 
does not necessarily  have to be parallel to oC stabilisation since 
aluminium, which is known to stabilise o i  , slows down the ra te  of 
to form ation. ^
2 .7. ON THE BEHAVIOUR OF HYDROGEN IN ZIRCONIUM 
ALLOYS (BEHAVIOUR UNDER EQUILIBRIUM 
CONDITIONS)
Since the absorption of as little as 10 p.p.m. hydrogen can cause
em brittlem ent in certain  c< -zirconium  alloys, affecting the notch-
ed-bar impact properties adversely ,90,91 an(j Since it is desirable
„ / /
to know the effect of the hydrogen-induced ft precipitates on the 
ft transform ations in the alloys under investigation, a review of 
the possible effects of hydrogen is necessary . Possible types of 
interaction with hydrogen are  listed in recent reviews .92,93 when
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hydrogen comes into contact with a metal, it immediately ionizes due
to the potential field of the m etalD The nature of the ionisation may
vary. Thus,
1 It may form  a negatively charged ion (H“) with the resu lt that 
it gives rise  to a chemical compound with ionic bonds. This 
type of interaction with hydrogen is characteristic  of the alkali 
m etals, which yield hydrides such as LiH, KH, etc,
2 It may form  a positively charged ion (proton) which enters the 
lattice of the m etal without distorting it. To explain the con- 
siderable effect of hydrogen on some physical properties of the 
metallic host, it is postulated that the proton gas perm eates the 
electron shells of the m etallic atoms and causes some changes 
in the energy levels of the m etal. The field strength increases 
with increase in tem perature, hence the absorption is endo- 
thermiCo An interaction of the above type is observed with iron, 
nickel, cobalt, copper, aluminium, platinum silver and tin. The 
solubility increases with the allotropic transition. No hydrides 
are  formed.
3 Hydrogen goes into solution in partially  ionised atomic form  
(i.e .neither a proton nor negatively charged ion) adopting in te r­
stitia l sites and thus causing a very sm all lattice distortion
A*(see observations of Hatt and Roberts on p  section 2 .8 .3 . 
page 6 6  ). In excess of the solubility lim it, it form s "pseu­
d o h y d r id e s  "94 of variable composition.
(a) The absorption may be exothermic — i.e .th e  solubility de­
creases with increase in tem perature. The behaviour in
^titanium , /3 zirconium, vanadium niobium, palladium etc. (b.c.c. 
structu res of Groups IV A and VA together with the ra re -e a r th s  
and the nactinidestT).
(b) The absorption may be endothermic as in oc titanium and c< 
zirconium.
(c) The absorption may be exothermic over one tem perature range 
and endothermic over another. It is possible to regard  the be­
haviour of allotropic m etals in (a) and (b) as belonging to this 
c lass. However, the behaviour of hydrogen in manganese, chro­
mium and molybdenum is more characteristic  of this group.
The form ation of solid solution with hydrogen involves three d iffer­
ent p r o c e s s e s ^ : -  (a) surface adsorption, (b) solution in the region 
immediately below the surface and (c) diffusion of hydrogen through 
the metal in order to homogenise the hydrogen distribution through­
out the specimen. F a s t 9 6 , 9 7  points out that the slowest of these con­
trols the overall speed of the reaction. Unlike the irreversib le  ab­
sorption of oxygen and nitrogen by zirconium and titanium, the d is ­
solution of hydrogen is a reversib le  process (and thus any other be­
haviour that is dependent on solution and rejection of hydrogen may 
be expected to be sim ilarly  reversib le , e .g .em brittling effects,
anomalies in impact strength behaviour and the possible effects of
J /
p  on transform ations), the ra te  of absorption being dependent on 
the p ressu re  of the gas as well as on the tem perature .98
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2 .7 .1 . Size-factor Implications
Unlike the other common in terstitia ls  (oxygen,nitrogen and carbon), 
hydrogen strongly stab ilises 0  instead of oc zirconium, showing 
only lim ited solubility in the la tte r. The nature of hydrogen, its 
behaviour during surface adsorption and the manner in which its 
concentration varies with p ressu re  (i.e. -Vp) in solid solution, 
suggests that the gas dissolves in m etals in the atomic form .99
Hydrogen sites in b .c.c .and  c.p.h.zirconium
The size of the two types of holes — octahedral and tetrahedral — 
in close-packed (f.c.c. 5  c .p .h .) and body-centred structures are  
at f irs t  sight ra ther surprising , For as Hume-Ro the ry and ' 1 
Raynor 100 have pointed out, inspite of its more open structure, 
the body-centred cubic structu re cannot contain such large spheres 
in its in terstices as can the close-packed structu re . This is because 
the octahedral space in the b .c.c . structure , even though more spacious, 
is not sym m etrical. It may thus only accommodate a sphere the d ia­
m eter of which is not g rea ter than 0.154 tim es that of the solvent 
atom s. Symm etrical holes in the b .c .c .s tru c tu re  are  of the te tra ­
hedral type", their size can accommodate spheres having a diam eter 
not g rea ter than 0.291 tim es that of the solvent. On the other hand, 
the la rger holes in the close-packed structu re are  octahedral and 
0.41 tim es that of the solvent atom s. It follows that:-
1 Even the la rgest te trahedral holes in the b .c .c .s tru c tu re  are  
sm aller than the hydrogen atom, and if the atom is to fit into 
these sites, unmodified, an element of distortion will be in tro ­
duced into the b .c x . s tru c tu re .
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2 From  geom etrical considerations alone, the o i and f t  phases 
should dissolve relative quantities of hydrogen different from  
those observed by experim ent.
The above considerations would suggest that the formation of ex­
tensive solid solution (such as found in ft ) with hydrogen involves 
factors beyond those of geom etry.92 jn support of this belief, it may 
be recalled that in te rstitia ls  a re  known to act as electron donors .54,55 
In a theory that avoids the difficulties imposed by the size factor argu­
ment, SmithlOl suggests that hydrogen exists in metals as protons.
If hydrogen is thus treated as an electron donor, it should act as a 
univalent solute such as vanadium or copper and this argument is 
then consistent with its j? stabilising capacity. In fact the oc//3  
transus characte ristics of hydrogen, vanadium and copper are  not 
only qualitatively but also quantitatively sim ila r. 102
2.7.2.  The Zirconium-Hydrogen Constitutional Diagram
The Zirconium-Hydrogen system  has been investigated by a number 
of workers ,103-112 rp^g m0st recent reconstructions (using the 
p ressu re /concen tra tion /tem pera tu re  relationships shown in Figure
3 p 290 ) by Edwards et al, Gulbransen and Andrew, E lls and 
McQuillan (F ig .4 p 290 } dem onstrate the existence of three phases —
o< , jB and $ , the la tte r auf f.c .c .hydride— in the composition 
range 0-60 atomic per cent hydrogen. The m ost notable feature in 
both zirconium-hydrogen and titanium-hydrogen system s is the 
extensive solubility of hydrogen in the f t phase. The eutectoid tem ­
perature is 547 + 2°C and therefore appreciably higher than in the 
titanium-hydrogen system  where the eutectoid reaction occurs at
61
about 300° c 113,114b The eutectoid composition is defined at 33 
atomic per cent hydrogen (44 atomic per cent in the Ti-H system ). 
The eutectoid composition determined by B eck ^^  for a tem pera­
ture of 550°C is 41 atomic per cent.
2.7.3 o Solubility Figures
Published data reveal d isparities which can be attributed to both 
in terstitia l and substitutional im purities. The la tte r may cause 
sm all amounts of p  to be retained and thereby accommodate high­
er concentrations than pure o< . The form er may form a b a rr ie r  
film (e.g.oxide or nitride film) inhibiting free a c c e s s * ^  o r  m a y  
actually monopolise in te rstitia l positions to reduce the accommoda­
tion available for hydrogen. Cotterill^^ thus suggests that solubili­
ty figures should be tied to several grades of purity ■— high purity, 
com m ercial purity and alloyed zirconium.
The term inal solubility of hydrogen in o< -zirconium , as found by 
two sets of w orkers is given in Tables 5 and 6 below.
TABLE 5
The term inal solubility of hydrogen in a l p h a - z i r c o n i u m l O S
1
From a graph of log p ressu re  vs. From  a S ievert’s Law plot
Temperature Term inal Solubility Tem perature Term inal solubility
°C At. % Wt.% °C At. % Wt.%
378 1.48 0.0167 450 2 . 8 6 0.0322
410 1.96 0 . 0 2 2 0 475 3.43 0.0396
453 2.82 0.0318 500 4.32 0.0496
471 3.3 0.0372 525 5.25 0.0607
575 6 . 1 0.0713
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TABLE 6
The solubility of hydrogen in alpha-zirconium ^l
Tem perature Solubility of hydrogen
°C At. % Wt.%
400 2 . 6 0.028
425 3.5 0.038
450 3.7 0.041
475 4.4 0.048
500 5.2 0.057
N. B. Eutectoid tem perature 547°C, maximum solubility in <K
6 . 1  at. %
Schwartz and M allet^l confined their solubility determinations to 
the tem perature range 400°C to 500°C. However, they extrapolated to 
lower tem peratures to obtain the equilibrium solubility at room tem ­
perature of 30 to 40 p.p.m .hydrogen (equivalent to about 0.3 atomic 
per cent). This room tem perature o t solubility is not unreasonable 
since the determ inations by other workers 104-109,116 suggest, that 
the term inal solubility of hydrogen in alpha-zirconium  falls from  
values of the order of 300 p.p.m . (2.8 atomic per cent) at about 
400°C to something of the order of 10 p.p.m . (0.09 atomic per cent) 
at room tem perature.
2.8. ON THE BEHAVIOUR OF HYDROGEN IN QUENCHED 
PHASES
2 .8 .1 . Hydride Precipitation in the ©< Phase
If the hydrogen content of unalloyed zirconium is &  150 p.p.m ., the 
hydrogen will be in solution at 200-300°C but will precipitate out at
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room t e m p e r a t u r e i f  the specimen is quenched rapidly to a 
low tem perature, hydride precipitation can be suppressed p e r­
manently; however at room tem perature, ageing can occur and 
hydride needles will appear after a few days,, Em brittling effects 
and other anomalies in the mechanical behaviour of zirconium 
and zirconium a llo y s,H ^“ 121  particularly  those employed in 
nuclear reac to rs have drawn the attention of research ers  to the 
problem of the precipitation of hydride phases. Since the condi­
tions for s tructu ra l coherence between the hydride precipitate 
and the m etallic m atrix are  most convenient on the planes of 
densest atomic packing and directions of closest row of atoms, 
it is generally observed that slip and twinning planes are  among 
the selected habit planes for hydride precipitation. Rapperportl22 
has observed 4 twin planes, namely:-
(1012), (1121), (1122) and (1123),
while the m ajor slip planes at room tem perature are  :-
(1 0 1 0 ) and (0 0 0 1 ).
The experim ental evidence, indicates that in zirconium, the major 
slip planes are  avoided in preference for the twinning planes. Thus 
according to Kunz and B ibb^^  the habit planes for hydride p rec i­
pitation in pure zirconium and Z r-1  wt.% U .are ,
Pure zirconium: (1012), (1121) and (1122)
Zr-1 wt.% U : (1231), (1121) and (1123)
Apparently, the plane (1121) is the most convenient, as it is also
selected in some titanium alloys. However hydrides in titanium
alloys do precipitate on the m ajor slip plane (1 0 1 0 ) as well as the
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twinning planes mentioned. Published data by Tien-Shih Liu and
in titanium and titanium alloys a re :-
Ti and Ti-2% V: (1010), (1011)
Ti-10% Zr : (1011), (1122)
Ti-3% Ta : (1011), (1121), (1122)
Ti-3% A1 : (1011), (1121), (1012)
These same investigators postulated two possible orientations 
between c< titanium and hydride precipitates according to whether 
the precipitate structu re was f .c .t .o r  b .c.t., thus:-
The very low scattering power of hydrogen makes structu ra l iden­
tification by x -ray  diffraction difficult. This is particularly  so if 
the proportion of hydride in a phase mixture is sm all. However, 
neutron diffraction and electron beam methods have been employed
ray investigations suggested the existence of four separate hydride 
phases. At 1050°C, 9 atomic per cent of hydrogen an f.c .c .phase of 
composition /v  ZrH^ was detected with a lattice param eter of
a0  = 4. 66  A. At a composition equivalent to ZrH, the structure was 
also f.c .c .bu t with a0  = 4.77 A. A third hydride ZrH2 has also been
Steinbergl23 show that the habit planes for hydride precipitation
(1011)d<. Ti || (101)xiH>
L12i 0L. Ti jj  t 100]TiH> b.c.t
(1010)j* Ti Jj (101)TIH’
L i2 i ° L  Ti |j £ 011]TiH> J
(1 0 1 1 )^ T i |J^ (1 0 1 )TiH,b .c .t . “1
/
2.8.2.  The Structure of Hydrides
with lim ited success by some investigators.^18,20,21,104 Hagg’s X-
0
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observed; the structure of which is tetragonal; and at 33 atomic 
per cent hydrogen, a fourth hydride phase was observed whose 
structure was hexagonah
Now the amount of hydrogen of in te rest in water quenched alloys, 
as in the present investigation, is less than 50 p.p.m. which is equi­
valent to less than 0.5 atomic per cent. For these sm aller concen­
trations, Schwartz and Mallet20,21 resorted  to grazing electron 
beam, using lines of MgO as an internal standard.An f.c .c . s tru c ­
ture was deduced whose lattice constant, a0, was approximately 
©
4.79 t  0.03 A. This value indicated that the phase was ZrH. Since 
the volume per cent (estim ates from  photomicrographs) was not in 
agreem ent with the calculated value, it was thought that another 
phase might also be present.
2 .8 .3 . Hydride Precipitation in the /3 -Phase
Many water-quenched p  -zirconium  and titanium alloys reveal 
dark platelike precipitates, p  , which are  attributed to hydride 
p r e c i p i t a t i o n .  11? 12,13,17 it  is thus necessary to examine the 
equilibrium and m etastable constitutions to see if the assumption 
of hydride in association with retained P  is justified. From  
F ig .4 fjp„290 ), the rejection and subsequent precipitation of hydro­
gen in the form  of hydride above 547°C is unlikely. However, when 
the f t phase is retained on quenching, it is  the extrapolation of the 
P  / (  0  + a  ) boundary which will yield the hydrogen solubility 
lim its. It is thus important to know the slope of the / (  f t + $  ) 
transus as well as the eutectoid composition. If the slope and com­
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position in Beck’s d iag ram ll2  iS accepted, then the room tem pera­
ture solubility lim it of hydrogen in metastable is about 2 0  
atomic per cent. If however the diagram  of E lls and McQuillan 
(shown in F ig .4 p 290) is accepted, there is a further difficulty, 
since the slope a lte rs  suddenly as it approaches the eutectoid 
tem perature. At any ra te , it would appear that the limiting solu­
bility in ft a t room tem perature is la rger than in c<  . In 
normal water-qfeflenched alloys the hydrogen encountered is less than 
50 p.p.m . which in turn is less than 0.5 atomic percent. Conse­
quently, unless other factors are  present, the precipitation of the 
normal hydride in quenched and supposedly retained (5 is puz­
zling. Further factors making for the complexity of any a s se s ­
sment are:
1 For higher hydrogen contents, the system  must be treated as a 
ternary .
2 The quenched may often consist of a mixed phase; in p a r­
ticular, to may be present in large amounts. This necessi­
tates solubilities with reference not only to {$ but also to a 
second phase.
3 In water quenched alloys, the concentration of hydrogen might 
be localised.
//
The structure of p as found in water-quenched p  -zirconium  
alloys has been indexed as t e t r a g o n a l ^ 2 4 - 1 3 0  as w e \ \  as orthorhrom - 
bic o r  m o n o c l i n i c .  131  According to Hatt and Roberfe, 1 2 9 * 1 3 0  sharp 
satellite spots near the low-index p  reflections in water-quenched 
Zr-15 and 2 0  at.%  Nb alloys disappear when quenched in vacuum
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with helium. In view of the very low scattering power of the 
hydrogen atom, the d irec t identification of such hydride phases 
are  only possible with neutron d i f f r a c t i o n . ^ ,  20,21 There thus 
appears to be an interpretational difficulty regarding the s tru c ­
ture of f  . According to Hatt,132 even though diffraction by 
the hydrogen atom is difficult, the (3 -zirconium  cubic structure 
is distended by in terstitia l hydrogen. The 2-dimensional d is to r­
tion of the cubic lattice makes it impossible to discrim inate with 
poly crystalline or powder techniques. Hatt and Roberts give the
n f/orientation relations of the tetrqgonal p structure a s :-
c  o
2ip "  = 3 .52  A, c p "  = 3.92 A
< 001> ^ | |  < 0 0 1  > p
<100V|I <100>e
The SLa* param eter com pares with the a« param eter of the re -  
tained p  which is also 3.52 A. The resulting volume of the 
cell 48. 6 A.3 is thus la rger than the volumes of the corresponding 
retained p  and o< zirconium cells which are 43.8 A^ and 45.7 A^ 
respectively.
2.9. ON THE REMOVAL OF HYDROGEN FROM ZIRCONIUM
Because of stagnation a t the surface, even though the diffusion 
rates of hydrogen in the metal a re  extrem ely high, it is the p re s ­
sure outside the metal that determ ines the effectiveness of de­
gassing. Thus a good vacuum is required. Table 7 shows the r e ­
sults of hydrogen rem oval from  zirconium by vacuum a n n e a l i n g l O G .  
Clearly, tem peratures of 800°C or higher are  needed for effective 
removal of hydrogen.
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TABLE 7
The rem oval of hydrogen from  zirconium by vacuum annealing
Tem perature Time P ressu re Initial After vac.
°C (hrs) (xl0“3 mm.Hg.) (p.p.m.) anneal (p.p.m.)
700 8 * 28 + 4 29 + 4
800 4 * 52 + 4 10 1 4
815 13 0,05 31 + 2 6 1 2
825 5 0.05 67 1 2 12 1 2
925 26 0.035 67 1 2 5 1 2
925 8 * 28 + 4 12 1 4
1065 8 * 30 + 4 12 1 4
1165 23 0 . 0 2 67 + 2 6 1 2
1190-1336 4 * 5 2 + 4 4 1 4
1314-1400 2 * 5 2 + 4 6 1 4
* P ressu res  not accurately m easured but estim ated to be 
less than 0.1 x l0"3 mm. Hgo
2.10. THE CONSTITUTION OF ZIRCONIUM-MOLYBDENUM 
ALLOYS
The Zr-Mo phase diagram  established by Domagala, M cPherson
and H a n s e n l 3 3 , 1 3 4  s k o w n  | n  j r i g U r e  5 ( p  2 9 # ) .  These workers
employed m icrographic and therm al analysis as well as incipient-
melting tests  of arc-m elted  alloys based on iodide zirconium.
The diagram  is the extended f t type having a eutectoid at 780 ± 5°C
and 7.2 at.%  (or 7.5  wt.%) Mo. The solubility of molybdenum in
o t  zirconium is very slight, and given as less than 0.2 at.% . The
0
only interm ediate phase detected is ZrMo2 £ a = 7. 60 1 0.05 A] 133,135
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which has the MgCu2 type structure , and occurs at 67 wt.%Mo.
Pipitz and K i e f f e r l 3 6  h a v e  shown that the lattice param eter of 
molybdenum is greatly increased by the addition of zirconium and 
the lim it of solubility (i.e.of zirconium in molybdenum) in slowly 
cooled alloys is about 7 at.%  Z r.
2.11. The constitution of Zirconium-Aluminium Alloys
The strong tendency of aluminium to form  compounds with z irco ­
nium produces a complicated phase diagram  (Fig. 6 p 291 ).
There are  nevertheless important features of in te rest in the present 
investigation.
1 The tem perature is raised  by aluminium and the
cx’ /|3  transus is eventually involved in a peritectoid
reaction.
2 The solubility lim it of aluminium in -zirconium  at 940°C
is about 11 atomic per cent,and a t 1000°C a 10 at.% aluminium 
alloy is well within the f t field.
The diagram  is based on metallographic and lim ited therm al studies 137 
using a rc -c a s t alloys prepared with iodide zirconium. The solubility 
of aluminium in oC -zirconium  at 700°C, 800°C and 940°C are  r e s ­
pectively 1.2, 3.3 and 11 atomic per cent. Peritectoid form ation of 
Z r2Al (29.5 at.%Al) between 1300 and 1200°C and of Zrg A1 
(25 at.% Al) between 1000and950°C has been established. A large 
number of fu rther interm ediate phases exist in the 30 to 100 per 
cent composition range but need not be discussed fu rther.
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2.12. THE CONSTITUTION OF ALUMINIUM-MOLYBDENUM 
ALLOYS
The constitutional diagram  (Fig. 7 p 291) as listed by Hansenl34 
is complicated by the existence of several interm ediate phases 
and peritectic reactions at the aluminium rich end. The aluminium 
rich end is compiled from  therm al analysis and m icroscopic investi­
gation of as cast?-38-141 and hot pressed alloys. While 2 horizontals 
at 660 and 703°C are  clearly  established, there are  probably two 
more existing at 735 and 1130°C. The interm ediate phases M0AI2 , 
M0AI3 , M0AI5 occur but only the la tte r is clearly  shown to form  
at the 735°C peritectic tem perature.
The molybdenum rich  end of g rea ter in te rest in this investigation 
is sim pler, since in the region of solution treatm ent (1000°C and 
90-100% Mo), there is a solid solution of b .c.c . structu re . The 
solid-solubility curve is based on la ttice-param eter m easure­
ments, 142,143 an(j the interm ediate phase coexisting with the 
M o-rich solid solution was identified by X -ray study as the peritec- 
tically formed compound M0 3 AI (91.43 wt.% Mo). M0 3 AI form s a 
eutectic at about 50 at.%  Mo.with another compound of unknown 
composition.
2.13. THE ZIRCONIUM-MOLYBDENUM-ALUMINIUM 
TERNARY SYSTEM
While the establishm ent of binary phase diagram s is fairly  com­
plete in the lite ra tu re , the compilation of sim ilar data for te rn aries  
has only recently been intensified. Consequently where these have not
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yet been established as in the case with the Zr-M o-Al ternary , the 
related binaries may be employed as a basis for a rough construc­
tion of the ternary  isotherm al sections .■ Attempts to construct 
ternary  sections can therefore?' be expected only to establish the 
minimum information required for the alloys investigated; namely, 
that at the solution tem perature of 1000°C, the equilibrium phase 
is . Figure 8 (p 292 ) shows the zirconium rich  end of the 
ternary  construction. The position of the alloy Zr-7% Mo-3% A1 
is marked with an X. The tentative 1000, 900, 800 and 500°C iso ­
therm al sections are  given in Figure 9 (p 292 ).
2.14. THE ZIRCONIUM-OXYGEN CONSTITUTION
The effect of oxygen on the relative stabilities of the oC and (3 
phases (see section 2 .6 ., page 53 ) and the resulting influence 
on decomposition kinetics make it useful to briefly consider 
the Zr-O  system .
Figure 10 (p 292 ) shows the diagram  as established by Domagala 
and M c P h e r s o n * ^  supplemented by resu lts  from  other sources r e ­
garding the transform ations in Z rC ^H ^’-^S. An ©< stabilising 
effect on the allotropic transform ation has been reported by de Boer 
and F a s t .  146 q^e maximum solubility of oxygen in oC -zirconium  
according to Domagala and M cPherson is 29.2 at.% . These
* The possiblity of ordering, for instance, has not been taken into 
account in these constructions (see, ordering in Ti-Mo-Al 
system*^? 67)
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investigators also gave the lattice param eters of the c< solid 
solution and their values were la ter confirmed by de Boer and 
F a s f l 4 6  an(j T r e c o l 4 7 o
20 15o SOME PHYSICAL PROPERTIES
2,15 .1 . S tructure and Lattice P aram eters
Some pertinent structu ra l constants of oC and |S zirconium are  
compared below in Table 8 (see Appendix A for properties of 
other Group IV A m etals).
TABLE 8
Some structu ra l details of alpha and beta z i r c o n i u m ^  150
Modification Alpha Beta
Crystal structu re C .p .hex B.c.c.
Space Group D6h r \ 9 * h
Co-ordination No. 6 , 6 8
Lattice constants a = 3.2311 A (20°C) 3.61 A* (870°C)
Axial ratio , c / a  
Interatom ic d ists .
c = 5.1475 A 
1.589;
( 6  a t 3.1788 A (20°C) 3.1255 A (862°C)
Atomic vols.
3.2083 A (8620Q 
. 6  a t 3.2311 A (20OC) 
3.2505 A (862°C) 
23.7 AS /a tom 23.5 A S/atom
* 3.580-3.590 A^> 162-164 (see page 224)
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In the B phase at 862°C, the distance of closest approach, d, is 
0
3.1255 A. The interatom ic distance in jB is thus 2. 6 per cent 
sm aller than that in o i a t 862°C. The resulting atomic volumes 
of ©c (23.7 A**/atom) and ^ (23.5 /atom ) do not differ 
appreciably.
2.15.2.  The Effect of Im purities on Lattice P aram eters
The high reactivity of zirconium will always ensure that even 
in the p u re r-c ry sta l grades, there are  present in solution 
some common in te rstitia l and substitutional im purities. Of the 
form er class, only hydrogen (on account of its sm all size) does 
not seem to cause lattice distortion*; however, variations in 
the contamination levels of oxygen, nitrogen carbon and hafnium 
should be taken into account in precise lattice param eter d e te r­
minations. The lattice distortion effects of sm all amounts of 
oxygen were investigated by T r e c o ^ l  who observed that up to 
2.5 atomic %, oxygen did not affect the c / a  ratio  in z irco ­
nium; a0  and c0  varied linearly at the same rate (0.035% for 
1 a t.% 0 2 ). When extrapolated to 0% oxygen, the a0  and c0
O Q
param eters of zirconium were 3.2323 A and 5.1477 A resp ec­
tively. The influence of 0. 014 at. % Hf, 0. 046 at.%  Fe and 0.484 
at.% C were neglected in the investigation. The effects of la rger 
amounts of oxygen have been investigated by de Boer and F ast. 152
* Apparent contradiction in view of comments on P structure
(section 2 . 8 . 2 „, p 6 6  ), unless it is a m atter of degree.
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According to Russell, 153,154 effect of hafnium can be of equal
magnitude to the distorting effect of oxygen but in the opposite 
direction. 1.2 at.% Hf caused the c0  param eter to contract 
0.038%, while the a0  param eter was hardly affected at 20°C„ This 
anisotropy was confirmed by calculations made by Skinner and 
Johnston. 155 The effect of nitrogen is sim ilar to that of oxygen. 
According to Becker and Ebert, 156 the lattice constants of the
0
solid solution of 10 at.%  of nitrogen in zirconium are  a = 3.25 Ao
and c = 5.21 A compared to the equivalent m easurem ents in pure
o o
zirconium a0  3.22 A and c0  = 5.13 A. Iron, titanium and tin are
common substitutional im purities. The distortion effects of
titanium and tin together with those of oxygen and hafnium are
sum m arised in Table 9.
TABLE 9
Effect of some im purities on lattice param eters of alpha- 
zirconium
Solute Site
% Change 
in cQ
% Change 
in a0
% Change 
in c / a  _
0 2 151
x i 157
Sn1 58
H fl54
In terstitia l
Substitutional
Substitutional
Substitutional
+ 0.040
- 0.089
- 0 .012  
- 0 .032
+ 0.031
- 0.093
- 0 .086  
- 0.077
+ 0.007  
+ 0.004  
+ 0.099  
- 0.021
2.15 .3 . The V ariation of Lattice P aram eter with Tem perature 
and Composition
Param eters obtained by quenching are  never representative of the 
high tem perature conditions if for no other reason than the therm al
expansion factor. Inaccu ra te  param eter determ inations, the therm al 
expansions of the phases involved need to be taken into account.
The coefficient of therm al expansion in the direction of the 
hexagonal axes (i.e. the direction of the closest approach) is g rea ter 
than that in the perpendicular direction, in spite of the fact that the 
axial ratio  is less than that for close-packed spheres. Available 
data show that this behaviour is generally observed in the close- 
packed hexagonal m etals. 100,150,159 Skinner and Johnson*^ who 
made m easurem ents between 25 and 870°C on crysta l zirconium 
obtained, <X>j = 10.8 x 10~6/C °  and c<^= 5.5  x 10"6/C°; the mean 
being 7 .2  x 10"®/C°. However, lower o<jj values for zirconium 
containing 2.4  and 0.005 at.%  Hf at 25°C by Russelll53,154,160  
lead to some confusion in accepting a best value. Table 10 how­
ever com pares Skinner and Johnstonfs values for zirconium with 
those for titanium obtained by B erry  and R a y n o r . 461 These la tte r 
investigators made careful examination of contamination of their 
titanium specimens, sealed in evacuated silica capillaries (high 
tem perature x -ray  cam era) and found that above 600°C contamina­
tion by Si, O2 and N2 accounted for the sca tte r in their resu lts .
Values for the pure f t  phase are  known with less precision 
since the determ ination presents difficulties arising from  the 
necessity of high tem perature vacuum and x -ray  diffraction tech­
niques. The convenience achieved by using alloys to reta in  ft a t 
room tem perature poses at least two drawbacks which influence 
the accuracy of re su lts . F irs tly , alloy additions (which are 
necessarily la rg er than the sm all amounts legitim ately regarded
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as impurity levels) may give rise  to non-linear effects in the z i r ­
conium lattice. Secondly, retained f  assumed to be a single phase 
is very likely to contain anomalous phases such as to . Thus 
R ussel l^O  added 2 and 4 wt.% uranium in order to retain  on 
quenching. The resultant expansion coefficients obtained between 
400°C and 900°C were more than twice* the 9.7  x 10~6/C °  rep o rt­
ed by Skinner and Johnston and accepted as best value (Table 10 ).
TABLE 10
Coefficients of therm al expansion x 10"6/C°
Metal Axial ratio o<ij av.
Ti 1.586 7.14 6.13
Zr 1.592 1 0 . 8 5.5 7.2 9.7
Estim ates of $  lattice param eter for pure zirconium reached by 
extrapolation of alloyed f t  values 133, 162-165 as well as expan­
sion data are  shown in F igures 11 and 12,page 293» It can be seen
0
that the room tem perature value (3.580-3„ 590 A) arrived  at after 
correcting for the expansion factor (9.7 x 10“®/C°) is to 3 signifi­
cant figures, the same as for the value at the transition tem perature. 
It is the possible to obtain the ft lattice param eter/com position  
curves for other alloys by allowing for the size of the solute atom. 
Table 11 gives the resulting slope (i.e.change in p a ram e te r/p e r
* The present state of knowledge concerning the form ation of a? 
and quenched phase m ixtures may explain R ussell's large 
value since with 2 and 4 wt.% uranium (i.e. > 8 and 16 at.%), 
the quenched ft contains different amounts of tOm as well as 
/3 0  (see, quenched phase m ixtures/com position, Fig. 20 p 296 ).
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cent solute) for Nb, V, Cr and Mo.
TABLE 11
Slope of lattice param eter/com position curve for some
Zr alloys
Solute (a Zr ” ax)/%  x Ref
Nb 0.0029 11
Mo 0.0044 9,10,133
V 0.0055 11
Cr 0.0070 11
Lattice param eter/com position  curves for oC £ z r  - Nb, 166,167,168 
Zr - T i ^ 4 j  are  shown in Figures 13 and 14 (p 293)° Although the 
allotropic transform ation in the pure metal enables a0  and c0  to be 
determined more readily, their separate behaviour with composi­
tion although generally linear involves more than the s tr ic t size 
factor. The curve for Zr - Nbl66-168 f^ s  the simple equation ,
x ( 1 0 0  - x)
aaUoy = Zr + aNb (6)
0
where SL^r  = 3,2349 A 
a - ^  = 2 . 8  6 A 
and x = zirconium wt.%,
i
2.15.4. The Variation of Magnetic Susceptibility,E lectrical
Resistance and Specific Heat with Tem perature
As pointed out by P fie il^  the variation of the physical properties 
of zirconium is of importance to the theory of zirconium alloys
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because clues may.be obtained to the variation of the number of 
valency electrons with tem perature. Figure 15 shows the v aria ­
tion of param agnetic susceptibility with tem perature as m easured 
by Squire and Kaufmann.^O
The paramagnetic susceptibility increases linearly with tem pera­
ture from  20°K until the allotropic transform ation occurs. Quench­
ing from  above the critica l tem perature does not affect the magnetic 
susceptibility. However, hydrogen which is known to depress the 
transition tem perature shows a corresponding effect in the suscepti- 
bility-tem perature relation.
If a discontinuity suggests change of crysta l structure then the d is­
continuity below 20°K is of g reat theoretical importance, particu­
larly since the present state of knowledge has revealed that the 
to phase can form  directly  from  pure o i  .6 - 8
Electrical R esistiv ity : The e lectrical resis tiv ities  of both titanium 
and zirconium are  high for pure m etals. Figure 16 (p 294) shows 
that the electrical resis tiv ity  for zirconium increases linearly  up 
to 700°K after which the increase is much less rapid and non­
l i n e a r .  169,170 The resistiv ity  of the $  phase is less than that of 
the oc' phase at the same tem perature, but in the tem perature 
range investigated, its ra te  of increase with tem perature seem s to 
be g reater than for c< .
The resistiv ity  of a m etal is dependent on the number of electrons 
available for conduction and upon the amount of scattering suffered 
by them through interaction with the therm ally vibrating ions. 
Increasing therm al vibrations of atoms about their equilibrium 
positions on the lattice as the tem perature is increased from  0°K 
accounts for alm ost all the specific heat of most solids. The 
Debye characteristic  tem perature depends upon the specific heat 
and hence upon the amplitude of vibration of the atom s. An abnor­
mally low Debye tem perature would signify a large amplitude of 
vibration of the atom at room tem perature and a relatively high 
electrical resistance could be anticipated. Neither zircon ium ^* 
nor titan ium *^ has an unusually low Debye tem perature so that 
the cause of the abnormal resistance must lie elsewhere.
According to Mott, 1^3 the scattering of conduction electrons in 
a metal will be increased if an interaction between the electrons 
and a partially  filled d-band can occur. This type of interaction 
is important if there is a high density of vacant electronic energy 
states a t the top of the d-band which is likely for the metals in group 
IV.
The high resis tiv ity  of these m etals at room tem perature can 
also be attributed to the existence of sub-bands within the 3d or 
4d bands as suggested by K reissm an and Callenl74 0r  to a sm all 
effective number of conduction electrons brought about by the 
existence of a zone of forbidden energy levels immediately above 
the Ferm i level of these electrons.
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Specific Heat°. Figure 17 shows that the specific heat at constant 
p ressure, Cp, reaches the Dulong and Petit value at about 600°K 
and continues to increase up to 7.3 ca lo rie s /g ram  atom at 
1100°K. The resu lts  give no definite indication of any large change 
in valency in passing from  to zirconium. Together with the 
observed atomic volumes (page 73 ■), this reinforces the belief that 
the valency of o i is the same as p  (see section 2 .4 .4 ., page 47 )
2.15.5.  Hardness of Zirconium
Hardness values of hexagonal m etals generally show a wide sca t­
te r. Although the average for 29 sam ples of o i  iodide zirconium 
determined by L itto n l^  is 90 ±17 V.P.N. the values ranged 
from 140 to 72 V.P.N. Com m ercial grades — viz, van Arkel and 
sponge — containing higher levels of oxygen may yield higher 
hardness values of 140-250 V.P.N. depending on the quenching 
rate . Table 12 com pares values obtained by Miodownik and 
CollardlO With the average value for iodide zirconium obtained 
by Litton.
The effect of solute additions whether c< stabilising or f t  
stabilising is to increase the hardness of pure zirconium.
The transition from  m assive transform ation (see section 2 .16 .2 . 
page 84 ), in the low grade zirconium and very low composition 
alloys, to the m artensitic in alloyed c* makes quenching ra tes  
even more important in determining the hardness of alloyed c4 
( ) sam ples. The use of hardness m easurem ents in the analy­
sis of quenching transform ation behaviour requires that the quench
/
ed hardness for U  term inal saturation be known. Although this
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value is determinable only by experiment, it is im portant to 
appreciate the factors involved: -
1 Quenching rate
2 Im purities, mainly O2
3 Solute and its ©< (or ^  ) stabilising capacity — these will 
determ ine the pure solution effect and the composition at 
which a second phase coexists with o ( on quenching. Com­
pare, for example, Zr-M o and Zr-Nb which dem onstrate
widely different f t stabilising capacities. Molybdenum is
/
such a capable stab iliser that the o( saturation lim it
is probably not more than 0.5 — 1 atomic per cent. With a
wider composition range for niobium (2-3 at.%), the point
✓
of discontinuity in the 0^  hardness/com position graph may 
be determined more easily by extrapolation.
4 The change in hardness caused by the second phase. (Quench­
ed phase m ixtures and their hardness are  discussed in section 
2 . 2 1 . 1 ., page 1 2 0 ).
The quenched hardness of some o i Zr-M o alloys 10,144 an(j pUre 
Zr are  compared (Table 12). It is obvious that solute additions 
(interstitial as well as substitutional) cause the hardness of z i r ­
conium to increase very rapidly. The value accepted for the
/
term inal saturation of oi  s till rem ains a problem as the oxygen 
level and quenching ra te  can cause wide variations.
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TABLE 12
/
Hardness values of oC Zr and oC Zr-M o alloys
Zr, Alloy
Aw Hard­
ness 
V .P .N .
Max Hardness, 
V.P.N. (Quench­
ing rate
1 2 0 °C /sec )
Hardness
V .P .N .
(slow cooled) Ref
iodide Zr 90 + 17 175
van Arkel Zr 155 155 125 10
Sponge Zr 244 244 205
Arc-mel ted 160 204 10, 144
Sponge
Sponge Z r- 320 320 230 10
0.6% Mo
Sponge Z r- 375 445 310
1.1% Mo
Sponge Z r- 372 246 144
1.3% Mo
Sponge Z r- 382 413 318 10
1.4% Mo
van Arkel 280 315 280
Zr-1% Mo
2.15.6. Hardness of Zirconium
The hardness of pure $  may be obtained by extrapolation from  
hot hardness values of pure zirconium or from  hardness of alloyed 
@ . The effect of tem perature (i.e.hot hardness) on the hardness of 
iodide zirconium containing 0 .3 at.%  carbon determ ined for d iffer­
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ent tem peratures by Schwope and C hubb^^ is shown in Figure 18 
(p 294 ). Extrapolation to room tem perature yields a value of some 
250-280 V.P.N. In anticipation of the section on quenched phase 
m ixtures, it can be seen from  Figure 22 (p 296 ) that retained p 
hardness values for various alloys are  between 250 and 320 V.P.N. 
It is thus clear that P> is harder than ©< .
2.16. TRANSFORMATION CHARACTERISTICS OF THE 
PHASE
2.16.1 . C lassification of Transform ations
Beginning with the a ll- p  phase as reactant, it is possible to iden­
tify and classify the possible reactions in term s of structure, 
mechanics and kinetics. 13 The classification is based only on 
the phase transform ations occuring a s  the resu lt of quenching JB- 
The subsequent transform ations leading to equilibrium during age­
ing are  both complex and dependent upon these initial phases.
■ ec n ^
Pure Zr (^) o i (already discussed in
sections 2 . 2 .)
(lb) P — massi ve o i  (includes la)
Alloyed with p (lc) f>—► o i (Zr ~  6 at.% Nb)
stabilising elements * where o i is a species of
hexagonal <<
(Id) (*> — o£ + o i  J Z r -T h ,l^  some Ti 
alloys I? 8,179 J
o C  is orthorhombic, occuring when 
the solute atom is la rger than the 
solvent atom.
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(2) P ~~*m ^  (i.e.quenched phases 
involving ui )
(2a) o( + uomcj (Zr - 6 to 7 at.% Nb)
(2b)
(2c) £ —► Wmb (Zr - 7 at.% Nb)
(2d) P *■ I0mb + f i 0
(2e) p  — ►(Ojnd +
(2f ) p  —► t etragonal phase + ft
Jzr - 17 at.% Nb11]
(2g) / ? —
(3) Eutectoidal Decomposition of ft
(4) D irect Decomposition of @ to form  an 
Inter m etallic Compound
(5) Ordering in the |6 Phase
2.16.2 . C lasses (1) and (2)
A schematic representation of C lasses 1 and 2 i s  given in Figure 
19 (p295 ). Although the basis of classification is quenching tran s­
formations, it includes some ageing transform ation sequences belong­
ing to class 2. General details of ageing transform ation sequences 
are dealt with separately (see page 127). The particular in terest 
dictated by the alloys investigated (Zr - 5, 6 and 7% Mo and Zr-7% 
Mo-3% Al) a re  c lasses 2d, e, f and g and their positions are  indicated 
both in the schematic representation (Figure 19, p 295 ) and in the 
as-quenched hardness/com position plots (Figures 20, 21, 22 , p 296 ) .
In the pure m etal, the only reaction possible upon quenching jB is the 
allotropic transform ation, 13,33,34 (quenching is not involved
in the form ation of pressure-induced to , nor for that m atter is (B the
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reactant). The resulting o< has an irregu lar se rra ted  appearance 
bearing no visible orientation relationship to the original 0  from 
which it has come. The transform ation has been called "m assive" 
to distinguish it from  other m artensitic reactions. With the f irs t  
traces of a f> stabilising solute (or for that m atter, o< stab ili­
sing solute), the product begins to assum e the fam iliar m arten­
sitic appearance (Plate 3, page 3Cg ) and may thus be differentiated 
/
as even though the structure rem ains hexagonal. The in c reas­
ing complexity of the © ^structures become evident (Plate 3, page
310 ) with further solute additions. A second product of lower
y / /symmetry, c< (reaction type 1c), may coexist with o i as observ­
ed in Zr ^ 20 at.% Th. At some critica l composition (see summary 
Figures 23a, b, and Table 20 ) the to phase appears in conjunction 
with o f / on quenching!29,180,181 an(j wtth increasing composition, 
the as-quenched hardness r ise s  to a peak (Figures 20-23, pages 296, 
297 182,183,184) # The phase m ixtures involving to show in creas­
ing complexity on ageing until with further solute additions, the ^ 
is completely retainedll>185 with the resu lt that the as-quenched 
hardness is at a minimum.
Assuming the type of construction shown in Figure 37 (page 302) 
which establishes the connection between the extended- 0  type d ia­
gram and the interactions of the Ms -M jr/com position curves genera­
ted (justified in section. 2 .22 .2 ,, page 135) a se rie s  of Ms -M jr/com ­
position curves (Figure 24,P - 297) may be o b t a i n e d . ^ ?  1^,14 The 
curves shown in Figure 24(a) may be associated with the following 
sequence of phases on quenching from  some tem perature T in the
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field, as the composition is increased (xQ - } X5) 0. -  
o< (0 - x j), aC + tOm (x 1 " x2 )> 60m (x 2 ~ x3)> ^m (x3 “ x4)>
$o+ Wm (x4 - x5) and ^ 0()> x5).
For curves shown in Figure 24(b), the sequence would be>
o( , oC + + ? I^o + ^o°
For curves shown in Figure 24(c), the sequence would be:-
c/ , vC + + ^Q) fto ’
For curves in Figure 24(d), the sequence would be:-
o i , ^o°
To produce to it is necessary  to depress the o< Ms to below the 
to Ms with solute additions. Provided the Mg and Mp curves for 
c^and e< are  of the types (a) or (b),the as-quenched h a rd n ess / 
composition curves should show the typical peak hardness re fe r ­
red to ea rlie r  (see page 290. It is obvious that a less than opti­
mum quench ra te  and incomplete transform ation may cause fu r­
ther variations; indeed, d isparities in the resu lts  from  many 
closely sim ilar experim ents of ea rlie r  investigations can now be 
traced to such sources. The depression of the eoMp to below 
room tem perature by solute additions is particularly  common. 
C om etto^ and his coworkers found that in a zirconium -17.5 
per cent niobium alloy, the intensity of the (0 0 , 2) ^  spot in c reas­
ed four fold when the specim en was quenched to -196°C instead 
of room tem perature. To sum m arise, it is possible to a lte r the 
sequence of appearance of quenched phases as well as the p ro ­
portions of these phases coexisting by:-
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1 binary as well as ternary  additions
2 altering the quenching rate
3 altering the tem perature to which the specimen is quenched.
2 .16 .3 . Eutectoidal Decomposition of ft (Class 3)
The binary zirconium and titanium alloy in which an unstable f t  
phase undergoes a eutectoid transform ation may be divided into 
two main types:- Electronic p  s tab ilisers  and size-factor |3 - 
stab ilisers . The classification is based mainly on the behaviour 
of titanium alloys^  and necessary size-factor and solubility 
adjustments might be necessary  for zirconium alloys (Table 13).
TABLE 13
The various types of eutectoid decomposition
p  Eutectoid types
Electronic P  -S tabilisers S ize-Factor
f t  -s tab ilise rs  
Si, Be, Bi, Pb.
F ast Eutectoid form ers 
Some elements of Gr,VIII 
Cu, Ag, Au.
Ideally the eutectoid decomposition of ft upon cooling through the 
eutectoid tem perature, should involve the process ft *-> (K  + com­
pound), where the physical distribution of the products ex. and
Slow Eutectoid form ers 
Cr, Mn, Fe, Co, Ni
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compound is in the form  of pearlitic precipitates. This d irect decom­
position is exhibited by Ti-4 at.% Au.*3 With increasing alloy content 
retention of the fi is enhanced although the fast eutectoid form ers 
are still essentially  poor @ -re ta in e rs . The formation of ( c< + com­
pound) occurs but generally after ageing so that the decomposition 
process usually involves the reaction, m artensitic oC-*- (equilibrium 
o< + compound) ra ther than
^ ^  ( o i  + compound).
In the alloys formed by slow eutectoid form ers, the f  phase does 
not transform  to ( & i + compound, ) on cooling and does not do so 
even on prolonged ageing. F ro st et al*82 deduced from  their 
micrographic and X -ray observations of a titanium -7.5% chronium 
alloy, that the decomposition reaction took the form
°< +  £ e) 
followed by
&-*■ ( o i  + T iC r2).
It is possible that with less chromium the reaction may involve 
to as Hatt and Roberts*! found for a Zr-4.5 at.% Cr. A fast quench 
yields : on the other hand,a slow quench resu lts  in a re a c ­
tion sim ilar to that observed in T i-C r. Iron does not seem  to form  
to in zirconium,** and thus may be assum ed to be a typical slow 
eutectoid fo rm er.
The m em bers of the S ize-factor -s tab ilise rs  display classical 
precipitation principles forming pearlitic distribution of ( o i and 
compound) from  the ^ phase upon quenching.*3
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2.16 .4 . D irect Decomposition of ft to Form  an Inter m etallic 
Compound, (Class 4)
This transform ation has received little attention probably because 
of the experim ental difficulties i n v o l v e d .  1 3  At about 6 0  atomic per 
cent chromium, ft titanium stable only between 13 60°C and 
1400°C will upon quenching transform  to the compound T iC ^o As 
TiCr2 is a Laves phase which can exist in two alternative form s, 
it is interesting to consider the nature of the transform ation p ro ­
cess involved, the more especially as the possiblity of d irect 
TiCr2 f ormation from  high-chromium ft phases could throw 
light on the precipitation of the eutectoid-like precipitates during 
the quenching of ft phases of lower average chromium content 
after prolonged heating a t low tem peratures. No analogous effects 
have been observed in zirconium alloys probably because solubili­
ties are  so much lower.
2 .16 .5 . Ordering in the ft Phase, (Class 5)
Ordering has been reported only in the ft ternary  solutions of 
titanium-molybdenum-aluminium system . 66  Support for the likeli­
hood of (short range) ordering in ft -phase titanium-molybdenum 
alloys has been supplied by Dupouy and Averbach,67 who used 
X-ray techniques to study high-purity alloys of composition rang­
ing from 20 to 75% molybdenum very slowly cooled from  1100 to 
350°C. They found very strong evidence for a preference for un­
like neighbours though no long range superlattice was detected.
It was deduced that in the titanium -rich alloy, the titanium -titanium  
distance is sm aller than that in pure titanium, and sim ilarly  that in
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the molybdenum-rich alloy^ the molybdenum-molybdenum distance 
is sm aller than that in pure molybdenum; thus molybdenum atoms 
are closer together in the solution than in the pure metal, even 
though the lattice param eters for molybdenum are sm aller than 
those of titanium. Dupouy and Averbach suggest that this indicates 
a loss of one or more electrons from  molybdenum on dissolution 
in titanium. The fact that aluminium accentuates the tendency to­
wards the preference for unlike neighbours to the extent of bring­
ing about long-range order is interesting in relation to the effects 
of aluminium on Zr-M o alloys observed in the present work.
2.17. THE MARTENSITIC TRANSFORMATION IN GENERAL 
(A Further Examination of C lasses 1 and 2)
The difference between the o{, and f>-*» ^quenching reactions 
is not fundamental, for they are  both examples of m artensitic tran s­
form ations. This class of solid state transform ations broadly 
separates the regimented, orderly and co-ordinated atomic displace­
ments from  the nucleation and growth type transform ations in which 
atoms move (generally interchanging positions and not m erely en­
gaging in fractional displacements) independently and in a random 
manner. Detailed reviews of m artensite crystallography theories 
and experim ental work are  available ,,180,186-191
2.17.1 . Local Atomic Displacements and Faulting in the 
BoC oC. S tructure
The experim ental evidence indicate that in all of these transform a­
tions — i .e . ,  p  -~^o( , f$ —>ur-~ it is the movement
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of ( 1 1 2  j  planes that are  involved. The further displacements 
proposed by B urgers necessary to produce the final orientation 
relationship for the A-*- c< transform ation are  shown in Figure 
25,(page 298 ). It can be seen that close-packed planes and d irec­
tions in the b .c.c . (1 1 0 ), [ i l l ]  rem ain parallel to those in the 
Cop .hex (0001)? (jL120l . By choosing an extended unit (i.e. a non­
prim itive cell), the stacking sequence is shown by pro jec­
ting b.c.Ccatoms on to the | l l o j  plane (Figure 26, page 298).
The j l l 2 ]  sequence which on the non-prim itive cell shown in 
Figure 26a (page 298) is 1 2 3 4 5 6 can be interrupted in
various ways depending on the requirem ents of the product 
structure . These stacking faults are  obtained where a ^  a M -  
dislocation splits into two partia l dislocations, ^  [ i l l ]  and |  [ i l l ] .  
There are  two types of stacking fault o n | l l 2 j  planes which may 
result. In Figure 26a (page 298), the atoms above the fault line 
have been moved by ^  Jl 1IJ  ( |  [ l l l j  gives the same resu lt). A 
movement in the opposite direction ^  o r l  Ln i J  gives the 
type of fault discussed by H irsch and Ottel92 and Guentert and 
W a r r e n . 193 jn the type of stacking fault drawn in Figures 26a 
and b,194 the closest distances produced are the same as in 
the type given by H irsch and Otte, but instead of being perpen­
dicular to the slip  plane, they lie at 30° to the slip plane as 
shown in Figure 26b. They can therefore be relieved by sh ear­
ing of neighbouring planes as well as expansion in or perpendicular 
to the slip plane. Figure 26c (page 298) shows the effect of spread­
ing the fault over four planes; it can be seen that the resulting 
lattice outlined is approximately hexagonal. This is in fact analo­
gous to the mechanism proposed by Burgers for the transform ation
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of /  to <*C zirconium and titanium. It is known that cold work 
accelerates oc formation on subsequent ageing and therefore it is 
likely that this type of fault is more stable than the H irsch and 
Otte type in zirconium and titanium, and aids the nucleation of c< .
The X -ray diffraction m easurem ents of Hatt and R ivlin l95,177
/ //clearly show the sim ila rities between o i  and o i displacem ents.
In both reactions ^ transform s by a regular glide of alternate
^HOj planes in ^ 110^ direction together with a shear on£ l 1 2 1
planes in a< ^ lIn d irec tio n  and lattice dilations. Considering the
lattice in term s of a tetragonal cell with axes a j  = £  l l o j ^
= jjio jo  and c = £0 0 l J  , the f irs t  glide produces the atomic
packing, while the shear, and the lattice dilations produce the o i  
/ /and o i  p aram eters. The actual magnitude of these components 
is shown in Table 14.177
TABLE 14
Atom displacem ents and lattice stra ins in the ft phase
transform ations
Transform ation component o i '  Zr o i  7iT
Relative displacement 
of | l l 0j in < ( l l0 > 
Strain along [OOlJ^ 
Strain along jTllOjp 
Strain along llO j
0.168 [llO j
- 1 2 . 2
+7.5
-0 .3
0 . 1 2 0 [ l l 0 ]
-9 .9
+6 . 8
+1 . 0
//
The orientation relationship between p  and o i  is the same as 
that between j3 and one of the o i  orthohexagonal cells 195 (Figure
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o M27, page 298 ). Thus the c< atom movements are  sim ilar to
those f o r b u t  sm aller in magnitude. A survey of lattice
spacings and volumes per atom for U \  oi^and ^ shows that 
// . 
the param eters lie between the corresponding p and ok
param eters.
The co structure can be produced from  the $ structure by a
regular glide of J l l 2 j  planes in a <(11 In d irec t ion together with
 ^ r ismall s tra in s . The f irs t  J 112 I plane does not glide; the second 
glides by 0.093 £ l l l j  in a <^ .1 Indirection and the third by the 
same amount in the opposite direction. It is this cancelling d irec ­
tion of the to glide vector coupled with its sm all size which p re ­
vents macroscopic surface rumpling even though the atomic d is-
/  fplacements are  diffusionless just as in ok , and oC . The 
strains for all three transform ations considered increase in the 
order $ u3? jB-^o^and Further comparisons are  best
left till the omega transform ation has been discussed in greater 
detail in the next section.
2.18. to i d e n t i f i c a t i o n 5s t r u c t u r e !  AND ORIENTATION 
RELATIONSHIPS WITH <X AND 0
The basic features of the omega transform ation are enumerated 
be low:-
1 It is most conveniently produced by alloying to stabilise (> 
followed by ageing between 400 and 500°C.
2 It f orm s as a precipitate, f irs t  coherent with the ft lattice 
and la ter non-coherent as ageing p rogresses.
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3 It has a strong hardening effect (the mechanism of hardening 
is discussed on page 105) 0
4 While it cannot normally be detected with the optical m icro­
scope, its existence can be revealed With electron microscope 
techniques and X -ray diffraction.
5 It is stable with respect to jB in certain  composition ranges 
at medium and low tem peratures but not with respect to 
equilibrium ( o< + @ ) or ( c< + compound) struc tu res.
6 Quenched f  often contain various distributions and amounts 
of m artensitic to (determined by the composition of the — 
see, as-quenched hardness/com position plots, Figures 21 
and 22?page 296 )« Such m artensitic to necessarily  possesses 
the same composition as the original ^  and is coherent with 
the f> la ttice.
7 Ageing increases the particle size of to , rendering it non­
coherent with the lattice. The <o loses solute atoms to 
the $  m atrix  and probably orders the remaining solute 
atom s. There is a marked increase in hardness with ageing.
8 If instead of quenching and ageing, a d irect isotherm al tre a t­
ment is applied near the foMs , then to may form  by a nuelea- 
tion and growth process demonstrating an incubation period
in advance of the reaction.
9 It is possible to form  the phase from  pur e zirconium under 
p ressu re . The resulting to is then m etastable at room tem pera­
ture and atm ospheric p r e s s u r e . ?
In view of the above facts — particularly , 5,7,9 — the to phase can
be regarded as a m etastable allotropel3>16>129,179,181 0f zirconium
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(or titanium) at normal p ressu res or an alternative form  of z irco ­
nium. There is really  no distinction between ’’metastable allotrope" 
and 1’alternative form ” since allotropic form s in general may be 
regarded as either tem perature induced (as in ex. and f*> zirconium), 
or p ressu re  induced (as in diamond).
2 .18 .1 . Identification
While the identification, macroscopic disposition and morphology of 
u ) are  beyond the resolving power of the optical m icroscope, e lec­
tron microscopy has met with some success. Croutzeilles et. al**® 
and Stiegler et a l* ^  have identified the texture, particle size and 
morphology of uo in the aged condition. The form er workers 
examining thin foils of a Ti-15% Mo alloy by transm ission m icro­
scopy report that in the aged condition to possesses a basket weave 
or matted texture and is non-coherent with the 0 m atrix. They 
also confirm the crysta l structure and orientation relationships 
(electron diffraction patterns) put forward by the crystallographers. 
Stiegler et al examining a Zr-15% Nb alloy by sim ilar transm ission 
techniques confirm the basket weave appearance of to (Plate 6 , 
page 313 ); they however believe that the particles forming the 
texture are  discs ra ther than the rods suggested by Croutzeilles 
et al. These observations on co metallography are  discussed further 
in section 2 .23 .3  o, page 148 .
2 .18 .2„ The Structure of Aged oo
Opinions concerning the crysta l structure of te> are  divided among 
three main schools even though the crystallographic evidence se rv ­
ing these interpretations are  sim ila r. The ea rlies t investigations^>75,182
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( fi> Ti alloys) suggested that to possessed a cubic structure, the 
unit cell of which corresponded to a lattice param eter roughly 3 
times that of the original fi . The simple orientation proposed by 
these investigators was, (1 0 0 ) ^ j (1 0 0 )^ .
According to S p a c h n e r ^ B  the formed in T i-8% Cr, Ti-13% V 
and Ti-15% V, could only be indexed on an orthorhombic system . 
The value of a, b and c param eters depended not only on the alloy 
but also on whether the to coexisted with P  or with o i  . How­
ever these alloys were heat treated in powder form , and con­
siderable anomalies may a rise  in heating reactive powders [see 
for example:- Hatt and Roberts, F .R .I. Report R /1 1 4 /5  Jan 1959 
p 40; McQuillan, M etallurgical Reviews 8 (1963) No. 29; Ginsburg, 
Ph.D. thesis, 1957J. Even so other investigators 177,178 have 
identified orthorhombic decomposition phases in both p  - ti ta ­
nium and zirconium. These reports indicate a complex range of 
decomposition products ( ft -transform ation reactions — classes 
1 and 2 , page 84 ).
S i lc o c k ,! ^  Bagaryatskii and Nosova, 178,179,199 Hatt and R o b e r s l 2 9  
and a growing number of investigators, 12,196,197 who have used 
sim ilar single crysta l methods which include an analysis of dif­
fraction intensities, agree that co possesses a structure based on 
a hexagonal (rhombohedral) unit cell which however may also d is­
play cubic sym m etry. This equivalence may a rise  when the c / a  
ratio of the co structu re  is j  a /T |”) or 0.613 (See crystallographic 
notes in Appendix B), but is stric tly  obtained only in the quenched 
condition.
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The cell param eters are  related theoretically as follows (Figure 
28 and Appendix B):-
ahex = * ab .c.c .
chex = 2 ^  ^ * ab .c.c .
c / a  = |  y 7 | )  = 0.613
Compared to the atomic positions in the ideal hexagonal cell
2 1 2which are  (0, 0, 0); (+ g, g, g ), Silcock and Bagaryatskii each 
propose two slightly different equivalent positions for t o  (giving 
c / a  different from  the theoretical value of 0.613):-
(0 ,0 ,0); ± ( | ,  i ,  | )  SilcocklO
(0, 0, 0); + ( | ,  i ,  0.52) Bagaryatskii199
The form er is described as hexagonal having a space group 
n  i h  - P > th e  la tte r by Bagaryatskii is more accurately
6 mmm g
described as trigonal corresponding to D ^  - P3 ml. It appears
that careful intensity m easurem ents favour the la tte r p o s i­
tions 129,178,199 Figure 28(a), page 298 , shows how the b .c.c. 
unit cell may be represented either as a hexagonal or a rhombo- 
hedral cell. Figure 28(b) gives the projections of the atoms in a 
b.c.c,. structu re onto the£lllj>  plane. The atoms numbered are  
then common to both (a) and (b). In |3 -zirconium  alloys, Hatt 
and Roberts 129 found the to lattice constants to be approxim ate-
o c
ly a 00= 5.02 A and cw = 3.00 A, varying slightly with alloy com­
position and ageing tem perature. With the resulting axial ratio ,
-  -  0  622 + 0 . 0 0 2 , the zirconium atoms in the to structure are  a
as follows:
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c
000 position 2 Zr at 3.00 A o
12 Zr at 3.012 A 
3 Zr a t 2.900 A
la n d  |  im p o sitio n s 2 Zr a t 3.00 A
6 Zr a t 3.012 A
O O
In ^ -Z r  with a0  = 3 .59A, each Zr has 4 Zr neighbours at 3.11 A
o
and 6 Zr neighbours at 3.59 A
oEquivalent titanium -titanium  distances in &> are:
000 position 2 Ti at 2.82 A
12 Ti at 3.005 A 
3 Ti a t 2.655 A 
i  and positions 2 Ti a t 2.82 A
6 Ti at 3.005 A
o c
In p -T i with a0  = 3.25 A, each Ti has 4 Ti neighbours at 2.82 A
o
and 6 Ti neighbours at 3.25 A
These distances for to appear at f ir s t  to be very sm all but they 
are comparable with zirconium and titanium distances in a number 
of compounds. For example,20® in TigPt, each titanium atom has:- 
2 Ti at 2.51 A
4 P t at 2.81 A
8 Ti at 3.07 A.
The interatom ic distances can therefore be considered plausible. 
The implications with regard  to electron distribution in the to 
structure are  discussed in section 2 .22 .5 ., page 146 .
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2.18. 3. The Structure of M artensitic w
Two form s of m artensitic have been identified, 129 namely — 
’’diffuse” ( mcj) and bulk ( (a> mk). Both, possess the same com­
position as the ft from which they derive. They are normally p ro ­
duced by quenching but may form  by mechanical deformation.H> 129 
The term  "diffuse” applies when the atomic displacements are  such 
that consists of sm all particles of only 2 dimensions ■— e.g. 
discs. Bagaryatskii and Nosova, 179,181,199 have observed diffuse 
lo reflections in a titanium -6% chromium alloy quenched from 
the p  field at a rate  5000°C/sec, and proposed a hexagonal 
structure essentially the same as the aged to structure but with 
atomic positions (0,0,0) t  ( j ,  0.48) instead of (0, 0, 0) + (~ ,
E, 0.52) fo r  the aged structu re . The authors then point out that
u
these positions are  more commensurate with a diffusionless
mechanism. However, for ft -zirconium  alloys, Hatt and Roberts
2 1propose the atomic positions (0,0,0) t  ( w ,  o , 0.58) as compared
2  1 *5 0
with (0, 0, 0) t  (g , j , 0.50) for the ideal hexagonal structure .
They further suggest that ’’diffuse” to most probably consists of
C O
coherent discs (~ 300 A dia.and 20 A thick) formed parallel to 
the [ i l l  7 . While showing the periodicity of aged to ( ^ a) in two
r
orthogonal directions, there is no periodicity in the third which is 
perpendicular to [ l l l j p  . In ^-zirconium  alloys, the c / a  ratio  of 
diffuse u) is generally between 0.612 and 0.615.120,181,199 During 
the ageing process, solute atoms diffuse out into the p  m atrix 
causing anisotropic relaxation in the Z r-Z r distances leading to 
a c / a  ratio: of 0. 622. Figure 48a shows the change in c / a  ratio  
resulting from  10ab reacti°n as reported for a zirconium -
10% niobium alloy aged at 300 and 400°C. The growth in the third
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dimension increases the total interface which in turn renders the 
go particle non-coherent with the m atrix.
Bulk (m artensitic) to , designated is another form  of oo
which occurs at c ritica l cooling ra tes and compositions [ i t  is the 
type which induces the hardness peak shown on the as-quenched 
hardness/com position plot (Figures 20,21 and 22 page 296)] and 
may be described as a fully 3-dimensional and coherent w which 
forms by wide spread atomic displacements during the quench. 
There are  analogies here with the class of "massive transform a­
tions" described in section 2 .16 .2 . (page 85 ) but there is no asso ­
ciated metallographic evidence. The la rger particle size provides 
sharp diffractions in contrast to the diffuse pattern generated by 
2-dimensional diffuse u) . Hatt and R o b e r t s 129 state that bulk
ui in Zr-Nb, Z r-V  and Z r-C r alloys show no evidence for any
2 1 1displacement in the c direction of atoms in t  (g , 3 , 2 ) positions. 
Bagaryatskii,199 however, suggests sm all displacements in the c 
direction for bulk w in titanium alloys. It should be recalled that 
sim ilar displacem ents are  reported for diffuse to in both titanium 
and zirconium alloys.
2.18.4 . The S tructure of Pressure-Induced to
Jamieson^ found the structu re of p ressu re  induced co to be hexago-
2 1 1nal with atomic positions (0 , 0 , 0) t  ( 3 , 3  , j  )• These positions 
are the same as for alloy induced to in zirconium and titanium. 
Table 15 gives the c / a  ratio  and densities of p ressu re  induced u> 
derived from  pure zirconium and titanium and it is c lear that to
TABLE 15
Constants of 10 phases in titanium and zirconium at 
atm ospheric p ressure
Phase Ti Zr
c 2.813 A 3.109 A
a 4.625
o
A 5.036 A
c / a 0.608 0.617
f  (u)) 4.581 0.657
f  (* ) 4.503 6.505
is denser thanc< zirconium. The c / a  ratio  of 0.617 lies between 
the values (0.612-0.615) for diffuse and (0.622-0.625) for aged 
w in zirconium alloys. The Z r-Z r and T i-T i distances are  given 
in Table 16. Except for the distance d4 of the two (0, 0, 0) atoms, 
these distances are  slightly g reater than the corresponding distances 
for alloy induced to .
TABLE 16
Interatomic distances and number of neighbours in the p ressu re- 
induced and alloy-induced u> structure
Distances and 
neighbours
D i s t a n c e , 
Ti
o
A
Zr
p re s su re s  alloy to pressure  to alloy to
di(2)
d2 (12)(6)
d3 (3)
d4 (6)
2.813 2.82 
3.018 3.005 
2.670 2.655 
2.950 2.82
3.109 3.00 
3.297 3.012 
2.908 2.9 00 
3.232 3.00
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However, it should be rem em bered that alloy induced to generally 
contains solute atoms whose size is sm aller than the solvent (i.e. 
zirconium or titanium) atom; indeed variations in the interatom ic 
distances confirm its allotropic nature. The electron distribution 
implications of the shorter interatom ic distances in to are  d iscus­
sed in section 2 .2 2 .5 .,  page 146 .
2 .18.5 . Orientation Relations Between co, f? and
Structures
ReportedH>16,129,181,199 orientation relations between to and £ 
in both ft -zirconium  and titanium alloys are:-
(0 0 0 1 )w |  (1 1 1 )P and (2 n O ) J |  (1 0 1 )#
The orientation relations between ft and o< a re :-
(0 0 0 1 ) ,^ fi (1 1 0 )  ^ and [ 1 1 2 0 ] ^  ||
These r e la t io n s^  between o< and p  apply in pure zirconium and 
titanium (see Figure 25) as well as in alloyed zirconium and tita ­
nium whether quenched or aged.
2.19. j3 m TRANSFORMATION MECHANICS -  A MODEL
Hatt and R o b e r ts ^ M ^  have suggested a model based on single 
crystals of zirconium alloys whereby the atomic movements 
involved in the form ation of m artensitic <u could be established. 
They concluded that movement of £ ll2  ^ planes is involved in 
the f-*- U transform ation as is the case for the transform a­
tion mechanism proposed by B urgers .40
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A projection of the atoms in a b .c .c .  structure onto a (llO)p plane 
is shown in Figure 29. The packing sequence of the (112)^ planes is 
given by 1, 2, 3,4, 5, 6 ,1 , 2, 3 etc. The to structure can be generated 
by the | l l 2 planes gliding as follows:
(112) Plane Glide component,g.
1 0
2 t n i J p i.e .g
3 Lm J p U e - «
4 0
5 £  Jf a, £ llijp
6 {^T.f [111^
1 0
i.e .g
i.e .g
where g is the glide component which glides a 4112% plane by
i r r  sg ( 2 *a) t h e \ l l l ^  direction contained in that plane. The 
glide components have been adjusted to yield the observed orien­
tation re la tio n sh ip —i.e . [pOOl^J^Jl £ l l l j p  and J~2 1 1 (T ]^ | £ l 0 lj^  
The model is therefore essentially  phenomenological. Figure; 29 
(page 299) shows the (112)^ glide defined above. The glide on 
plane 2 is half the required movement to produce an Otte and 
Hirschl92 stacking fault (see page 91 ) between planes 5 6 1 
in the original ^ and 2 in the io cell. Similarly, the glide on 3 is 
approximately half that required to form  a row of t< unit cells 
between 1 2  3.
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This implies that a disc of w can be produced by a few (112) planes 
of the P structure following the above transform ation. The disc 
will degenerate into a rod parallel to Lm L  if the width of the 
disc in the [llO ]^  direction, which lies in the plane of the disc, 
is restric ted  to a few atoms while glide in the length of the disc 
which is th e ^ l l l jp  extends over many atom s. This will produce 
a rod of w coherent with (112) ^  and (110) p  . The restric tion  of 
the width of the discs in the [llO^p directions can be brought about 
by faulting between the d iscs.
The form ation of bulk to is brought about by simultaneous nuclea- 
tion of discs on several sets of (1 1 2 ) planes — i.e . (1 1 2 ), (2 1 1 ) and 
(121) — in a J lllJ^  direction instead of only a lim ited number as 
is the situation in the form ation of diffuse to 0
According to S ilco c k ,1 6 ,1 9 4  the atomic displacements required to 
fornW  from  to do not appear to be any sim pler than those req u ir­
ed to fo rnW  from  p . It is pointed out that the (1 0 1 0 )^  plane 
Jjvhich is identical to a (1 1 2 )^ plane^j has a sim ilar atomic 
arrangem ent to the (1 0 1 0 )^ plane and needs only an expansion of 
some 4 per cent in the (OOOlJ^ direction to give coincidence. How­
ever considering consecutive (1 0 1 0 )w planes, four are  in the co r­
rect relative positions for ©< , but the next and the seventh to the 
eleventh require the large shift of 1 .4 7  A in a (OOQlJ^ direction. 
Figure 30 shows a section perpendicular to the (1010)^  planes.
The hexagons in CO are  sim ilar to those in the (0001^, ,bu t a l te r ­
nate hexagons require displacem ent.
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2.19 .1 . Summary of Transform ation Mechanics
The mechanism producing is sim ilar to that producing : 
namely, gliding of (112) p lanes. The difference lies in the magni­
tude and sign of the glide vector, g, which is large, unidirectional 
and co-operative in the c* transform ation but small, bidirection­
al and therefore cancelling in the w transform ation (Figure. 29, 
page 299). Consequently, whereas relief effects (rumpling) may be 
observed in the transform ation, it need not be evident in
(!>->- us . If the sequence of the (112) gliding planes is not quite con­
tinuous this means w is in the form  of rods or is heavily faulted.
On ageing,the irregu lar faults disappear resulting in a fully three- 
dimensional a) (designated w a) ,a  matted, "basket weave" distribu­
tion which is non-coherent with the {5 m atrix. 196,197 Aged to is 
generally depleted in solute atom s. The suggestion has been made^Sl 
(Ti-Cr alloys) that the solute atoms remaining in the to lattice be­
come ordered. Figure 31 (page 299) shows an ordered to structure 
(based on the triply large cubic cell) with chromium atoms occupy­
ing particular s ites .
2 .19.2 . The Mechanism of Hardening by to
The hardening produced by the ft-* - to transform ation effects two 
identifiable hardness levels — high as-quenched hardness and in­
creased hardness by virtue of ageing for which a satisfactory 
hardening mechanism must account. The line of reasoning adopted 
recognises the intrinsic hardness of the to structure, the joint 
effects of accommodation of s tra in  and change in composition and 
the effectiveness of coalesced co partic les as obstacles to
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s lip .l2 >1 2 9 , 1 9 4 ,1 9 9  .n ^ocjy centred cubic zirconium and titanium 
occurs in a [ i l l ]  direction and on a variety of slip p lanes.2 0 1 ,2 0 2  
The nature of the to structu re which involves displacements in 
the [ l l l j p  direction would appear on a f irs t  consideration to be 
greatly detrim ental to slip and yielding. There are , however, a num­
ber of factors which will tend to increase the yield s tre ss
1 The co structure is intrinsically  harder than either f  or 
as a resu lt of its lower sym m etry and less regular atomic 
packing (see co peak in the quenched phase m ixtures, h a rd n ess / 
composition curve, F igures 20-22, page 296 )
2 There are  four to orientations resulting from  the to 
transform ation. Of these only one orientation of us with 
[p o o i]w is parallel to a perpendicular [ l l l j ^  direction; the 
other three orientations have an irra tional direction [4041J  
parallel to this [ l l l j p  direction. P latelets of to oriented in 
this way will therefore act as b a rr ie rs  to slip. It is charac­
te ris tic  of to occupy all four orientations and ^  to 
adopt the one orientation providing the easiest slip. An orig i­
nal p grain will thus become a multiple pseudo twinned to 
s tru c tu re . The large a rea  of boundaries between various 
orientations, analogous to a fine sub-structure, together with 
coherency stra ins will increase the hardness. Furtherm ore, 
the quenched hardness of P alloys will vary directly with 
the amount of in the ( c^ nb + 00md + ^ 0)p^ase n a tu r e .
3 The co phase is presumably co h eren tly  180,194,196,197 after 
quenching and in the early  ageing. Coherency strains may 
be expected since the and p> param eters differ. These
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strains will increase as diffusional forces cause the solute 
atoms to leave the to lattice and enrich f*> . An increase in 
hardness after short ageing tim es is thus reasonable. F u r­
therm ore it may be supposed that la rger quantities of bulk 
60 (resulting from  growth during ageing) will induce even 
higher hardness than will strained coherent particles since 
these will more effectively impede the motion of d isloca­
tions. 16,129,194 Figure 32 shows the stages in the separa­
tion of the coherent interface between a hypothetical m atrix, 
say ft , and precipitate such as to . The ability to impede 
the motion of dislocations and thus re s is t slip depends on 
thickness and mean spacing; it is presumably for this re a ­
son that very fine <0 ^ found in quenched specimens do not 
exhibit high hardness.
2.20. KINETICS OF TRANSFORMATION
Kinetic considerations form  an important aspect of the ft - tra n s ­
formation problem . General e x p r e s s i o n s 2 0 3 - 6  f0r  the rate of 
transform ations or the fraction transform ed are limited owing 
to the difficulty of defining the extrem ely complex boundary 
conditions for these expressions. The nature of experiments con­
ducted in the present investigation thus do not w arrant a detailed 
discussion, but it is nevertheless helpful to enumerate some 
general ru les and show how far p  -zirconium  transform ations 
conform. There are  two types of (3 -transform ations for which 
the reaction ra te s  are  of in te rest — m artensitic and isotherm al 
(largely diffusion controlled) transform ations.
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2 .20 .1 . Kinetics of M artensitic T ransform ations£>-*■ A ,r to
p
cm -
Dependence on Time: M artensitic transform ations in alloyed
phase m ixtures. In all cases the amount of transform ation is 
virtually independent of tim e. Individual m artensite plates gener-
Dependence on T em perature: The amount of transform ation is 
characteristic  of tem perature but the velocity of transform ation, 
is virtually independent of tem peratu re . The transform ation on 
cooling begins continuously at a fixed tem perature, Ms and as 
the tem perature is changed, more and more m aterial transform s 
from fresh  nucleation sites until the Mf tem perature is reached 
at which the reaction is complete. The transform ation is reversib le 
although a tem perature hysteresis exists so that the tem perature 
As of the reversed  transform ation is slightly higher than the Ms .
In general, 2 0 8  T0  = ^  (As + Ms) where T0  is the equilibrium 
tem perature.
Duwez80  investigated the effect of cooling rate on the tem pera­
ture («* Ms) at which the transition in zirconium and titanium 
occurs. Very sm all specimens were quenched in a stream  of 
helium. A range of cooling ra te s  from  10 to 10, 000°C per second
/  / /
/5 a re  responsible for , e i , U3m, 0  and their quenched
ally form  in a very short time — formation ra tes are  about g- the 
speed of sound. 10 0  In pure zirconium and titanium, quenching 
rates up to 10, 000°C /sec cannot supress the ^ —*• ©<. 
transform ation.80?8^?20^
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was obtained. A thermocouple was welded to the specimen and 
cooling curve recorded on a rotating-drum -type oscillograph.
The transform ation tem perature showed an alm ost logarithmic 
decrease with cooling ra te . The maximum depression of the 
c* Ms tem perature in zirconium  was 15°C. In titanium, the equi­
valent depression was 35°C. Srisvastava and P a r r ^ 0 9  have com- 
puted the free energy values (-A F p ) accompanying the tra n s­
formation from  electrochem ical m easurem ents. These are 
30 1 . 10 and 50 + 10 cals per mole for zirconium and titanium 
respectively (compare with 2 9 0  for F e). They point out that 
their values are  more reasonable than the ea rlie r figures rep o r­
ted by Kaufman^® of 60 and 40 cals per mole for zirconium and 
titanium respectively. Their reasoning is based upon Duwez’s 
observation that (T0  - Ms) for zirconium is much less than 
(T0  - Ms) for titanium; furtherm ore, surface rumpling (which 
is the visual crite rion  for m artensitic transformation) is not as 
severe in quenched zirconium as in quenched titanium. H u a n g ^ l O  
found that in both zirconium and titanium base alloys the As on 
heating lay about 5 0  ca l/m o le  above T0 . This figure is of the 
same order as values reported by Srisvastava and P a rr  for the 
cooling reaction in pure zirconium and titanium; it thus confirms 
that the m artensitic transform ation rem ains reversib le for pure 
as well as alloyed zirconium and titanium.
Neither Duwez^^ nor Hayes and K aufm an^ took steps to remove 
the hydrogen which is invariably present in iodide zirconium and 
titanium. Bostrom^O? using high purity zirconium which had been
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annealed in vacuo to remove hydrogen, found the transform ation 
tem perature to be depressed by only 10°C at a quenching rate  of 
10, 000°C per second. He further reported that the tem perature 
of the beginning of transform ation was raised as the soaking tem ­
perature in the ft field was increased. Bostrom showed the effect 
to be reversib le . Holding the m aterial at a lower tem perature in 
the P field removed the effect of a previous higher tem perature. 
This appeared to dem onstrate that neither grain growth nor im ­
purity pick-up (distinct from  the initial impurity level of even 
a hydrogen-free zirconium) was responsible for these resu lts .
Dependence on Composition: It is reasonable to assume that 
effect of composition on the Ms will be sim ilar to that on Tq.76,208 
Solutes which ra ise  T0  will also ra ise  Ms ; likewise solutes 
which depress T0  will depress the Ms . These effects should apply
Mequally to , o( and u c .
Duwezlfrf carried  out rapid cooling experiments on a se rie s  of 
zirconium-titanium alloys. The resu lts  are  shown in F igures 
and 3Bfe(page ). Within the range of cooling ra tes  used for 
these experim ents, the tem perature at which a therm al a r re s t  
was observed appeared to be independent of the cooling rate, 
except in the case of the alloy containing 2.5 wt.% zirconium. No 
effect of velocity of cooling was observed in the alloys containing 
60,70, 80 and 90 at.%  zirconium . Duwez did not obtain any resu lts 
for slow ra tes  of cooling. A com parison of his resu lts with those 
of F a s te n  obtained under conditions much closer to equilibrium,
I l l
shows the transform ation to take place under conditions of rapid 
cooling at a tem perature appreciably lower than the equilibrium 
tem perature. The effect of composition and cooling rate on the 
o i and u>Ms for the Zr-Nb system  as determined by Hatt and 
Roberts212 are  presented in F igures 33^and 34 (page 300). The 
T«> and Ms /com position for some f  -titanium system s^ 6 are  
given in Figure 35 (page 301). The data for Ti-H, Ti-Mo and 
Ti-Mn are  of particu lar in te rest to the present investigation in 
view of the fact that sim ilar data for zirconium alloys are  not 
available. <*MS/com position curves are  incorporated with 
to Ms data in Figure 36 (page 301 ). Table 17 gives the atomic 
per cent solute required to depress the Ms to the co range (500°C)<, 
This tem perature is indicated by the dashed line in Figure 36.
The kinetic ru les regarding the m artensitic transform ation of 
/ * 
c< apply equally too< and U5 . P re ssu re  induced and ordinaryc<
are both m artensitic products in pure zirconium. Similarly,
/  #o i , o< and alloy-induced u> are  m artensitic products in alloyed 
zirconium. The form ation of to is brought about when the solute 
addition is sufficient to depress the ©cMs or o c M s  to below the 
u3 Ms . The consequent intereactions of the «  Ms and <o Ms thus 
demonstrate a relation between the amounts of o< , U5 and ^ co­
existing as quenched phase m ixtures. These are  sum m arised 
(Figure 24, page 297) thus:-
Solute content: Low Medium High
Phases : o i ; o (  + ^m b ^ m b ’ ^m b + Po S nd  + $o> ^o.
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With lower quenching ra te s  the compositions at which the above 
phase m ixtures occur may be shifted to higher values and the 
proportions occurring may also a lte r . Figure 21 (page 296). 
shows the effect of ^quenching rate on composition dependence 
of the occurrence of quenched phase m ixtures in the Zr-Mo 
system  .9
TABLE 17
Percentage solute required to produce oo in titanium alloys as 
shown by the c<:Ms depression
Ref. System
At.% solute required 
to depress c* Ms to 
to range ( 500°C)
Observed % solute 
required to 
reta in  P
98,213 Ti-V 13 14
98 T i-C r 7 6
98 Ti-Mn 6 6
98 Ti-Fe 3-4 4
214 Ti-Co 6
215 Ti-Ni 5 6
216 Ti-Cu 15 13
164 T i-Z r 39
217 Ti-Mo 6 6
218 Ti-U 16 15
2.20 .2 . Kinetics of Isotherm al Transform ations
If a f alloy is quenched from  some solution tem perature Ts 
in the f  field to a tem perature T  ^ below the eutectoid tem perature
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and held there for some time, the transform ations which take 
place will culminate in the form ation of equilibrium phases 
indicated on the related constitutional diagram . However, the 
solubility lim its of the resulting phases will be determ ined by 
the m etastable extensions of the equilibrium diagram  bounda­
r ie s . When a metastable allotrope exists, as in the zirconium 
and titanium alloy system s, then an additional requirem ent in 
the definition of the metastable diagram  is the establishm ent 
of the solubility lim its (the *o /( to  + )Se) and ( *o+jB ) /  f t  e  
boundaries) with regard  to the allotrope. There are  thus two 
types of boundaries constituting the m etastable diagram .
These are discussed below.
2 .20 .3 . The Definition and Significance of M etastable D iagram s
Extended Boundaries: Given a eutectoid equilibrium diagram 
of the f  stabilised type (e.g* Zr-Mo), it can be shown therm o­
dynamically 2 2 0  that the boundaries below the eutectoid tem ­
perature, i.e . ), ( o i  + P ) / f $  , a re  d irect extensions of
those above the eutectoid. It follows that if (5 is quenched to 
some tem perature, T |, within the metastable range, a reaction 
such as
+ compound,^
will f irs t  resu lt in the solubility lim its and proportions of t>c 
and p  being determ ined by the metastable boundaries before 
(oi + compound) appears as predicted by the equilibrium dia­
gram. Furtherm ore because the resulting extensions of boun­
daries have the same significance to m etastable conditions as
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the equilibrium boundaries to equilibrium conditions, the T0 /M s 
considerations discussed ea rlie r  (section 2 . 2 0 .) will apply.
Boundaries due to the P resence of Metastable Allotrope: The 
existence of a third allotrope in the m etastable tem perature 
range implies the superposition of fresh  boundaries which are  
quite independent of extensions of the f irs t  type. The sim ilarity  
between zirconium and titan ium perm its the adaptation of the 
free-energy diagram  (representing a P -titanium  system) employ­
ed by Harmon and T r o i a n o ^  1,222 f or ^-zirconium  alloys 
(Figure 37, page 302 ). The to free-energy curve is located re la ­
tive to o( and jS so as to be consistent with experim ental observa­
tions . The data derived from  high p ressu re  experim ents with 
pure zirconium ^”® confirm the validity of treating to as a m eta­
stable allotrope yielding a transition point a t 690°C. The
general boundaries for the (o /(  to + ^ ) A U* + ft ) /  P e  anc* the 
to Ms regions are  then derived by applying the tangency rule 
as shown in Figure 3^, (page 302-). The derivation of the t o Ms 
line is m ost im portant since it is the interactions of the toMs 
and o^Mg that determ ine the phases occuring upon quenching 
(see F igures 24 and 37 pp 297, 302). The situation in zirconium 
niobium alloys may be taken as typical of metastable diagram s 
in all fo -zirconium  and titanium system s which produce to . 
Several characteris tics  of this type of d iagram  have been 
checked experim entally .9,11,12 Thus:-
1 The sequence of quenched phases can be related to the 
slopes and intersection of the o< Ms and toMs lines. The
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proportions of phases coexisting in the quenched phase 
m ixtures are  determined by the positions of the &L Mjp 
and loMjt with respect to the tem perature of quenching 
medium (Figures 24, 37, pages 297, 302)0
2 R etrogression and reversion  phenomena [partial ageing 
a t say, Tx, followed by ageing at a higher or lower tem ­
perature Ty (Figure 50, page 307) involving co and f t  
can be explained by the existence of <jo/(co + j3) and 
(od + P ) /  boundaries.
3 Application of the Lever rule suggests an enrichment 
of the p  phase (and the lim its of such enrichment) and 
the simultaneous impoverishment of w with regard to 
solute atoms during ageing. All these features have 
been observed experim entally.! 1-13,129
2 .20 .4 . The P atte rn  of Isotherm al Reaction Rates
If in a reaction oi ->  |3, the total volume is V and the volume
which has transform ed from  oC to p  a t any tim e, t, is Vp , the
rate of transform ation may be written: 1®7
dVg
- d f = * < v - y
(7)
or = 1 - exp(-kt)
where the constant k is a rate constant. Sim ilar expressions for 
the rate of transform ation or the fraction transform ed have 
been derived by Johnson and M ehl^^ , A vfcram i,2 2 3 -5
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Mishima et a l , 2 0 5  E v a n s ^ 2 6  an(j Werf201 | n which the ra te  of 
transform ation decreases continuously with tim eD In practice 
the geom etrical implications of growth (e.g.impingement) which 
modify the ra te  pattern are  accommodated by introducing a con­
stant, n. The exponential growth law may then be w ritten as
V.
= 1 - exp (-ktn) (8)
w here 3 ^ n ^ 4 ,  2 ~  n ^  3, l —n^.2 for three-dim ensional, 
two-dimensional and one-dimensional growth respectively. The 
incubation period may be obtained roughly by extrapolation of
*V T
a _ ! /t im e  curve. B e c k e r 2 2 7  set the initial rate of precip ita­
tion as:
d 5 .  = Ke-(Ae + Q )/R T  (9)
dt
where Q is the activation energy for diffusion and K, a frequency 
9factor. EquationAmay be w ritten in te rm s of time (reciprocal 
rate) as:
I4)=  K + ^  (10)
Differentiation yields:
l M - S  + A _ 1 _ 1 A
H >  R  R  R T  * ( J >
A plot of the logarithm  of the time to some particu lar stage of
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the decomposition against the reciprocal of the absolute tem pera­
ture will then take the form  of a C-curve which is nearly a straight 
line at low tem peratures, when A is sm all in relation to Q. At high 
tem peratures, the curve turns towards longer tim es because A 
increases rapidly as the super-saturation  (or other appropriate 
driving force for the reaction) decreases. The integration of 
several such curves over the whole tem perature range of tre a t­
ment and tim e form s a T. T. T. (T im e-Tem perature-T ransform a­
tion) chart.
2 . 2 0 . 5 .  T. To To Charts for Titanium and Zirconium
Alloys
The k inetics of the transform ations involving w form ation 
were f irs t  qualitatively investigated for titanium alloys by 
Brotzen, Harmon and T r o i a n o . 1 8 5  Since then the subject has r e ­
ceived much attention; A comprehensive source of references 
has been given in the review by M c Q u i l l a n .  1 3  Sim ilar kinetic 
investigations have been made for zirconium a l l o y s . ^ ” 1 2 , 8 3 , 2 2 8  
Of special in te rest to the present investigation are  the resu lts 
of D o m a g a l a 2 2 8  an(j h i s  coworkers who established the T. T. T. 
charts for zirconium-molybdenum alloys. Figure 3 8  (page 3 0 2  )  
shows their T. T. T .curves for Z r -1 . 3 ,  3 . 3 ,  5 . 4  and 7 . 4  w t.% Mo. 
The alloys cover compositions which established the following 
transform ations:
1 ft + compound (Zr-1 „3 % Mo)
J  (Z r-3 .3% Mo)
2 p — o i  + o i + compound
or + o i~ > o i+  compound
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3 0—>•(&+ ^  + compound (Z r-5 .4  % Mo)
4 P — +u r ^ |  +x~><X+ compound (Z r-7 .5 % Mo)
The high tem perature (i.e.')’ 550°C) charts for all alloys are  
sim ilar; an(^+ Pjregion precedes anjk + + Zr M0 2 ) region which
in turn precedes an(©  ^+ ZrMo2  ^region, the equilibrium products 
indicated on the phase diagram . The incubation period which 
increases with alloy content indicates the increasing stab ilisa­
tion of P with molybdenum additions. The addition of an oi stab i­
lise r to a P alloy may be expected to shorten the incubation 
period. DeLazaro and R o s t o k e r ^  found that additions of oxygen 
to a titan ium -1 1% molybdenum alloy reduced the incubation 
periods and moved the nose of the curve to higher tem peratures 
(Figure 39, page 302).
The difference between the 1.3 % Mo alloy and the remaining 
higher alloys is the fact that it does not form  co . Quenching 
produces with an Ms ~535°C. This can be expected to decom­
pose at medium tem peratures (500-400°C) via:-
^  oi + Zr M020
The sequence could then form  the basis of the lower half of 
the chart which may be regarded as the simple ageing of o i  '  
and therefore to be distinguished from  ageing transform ations 
involving^, +ujjor ( jl + u>)as in Z r-3 to 5% Mo.
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2.20.6.  General Isotherm al Ageing Transform ation Sequences
Three tem perature ranges may be distinguished: (a) high 550°C), 
(b) interm ediate (400-550°C) and (c) (<400°C)o (These ranges may 
be 20-30°C lower for titanium alloys.) At high tem peratures, 
transform s directly  to o< (Figure 38, page 302 ) 0 At lower tem pera­
tures, the transform ation involves (o extensively: giving the sequen­
ces, (uT+ p +c?i y * ( i < +  £>), or + o i) - ^ { c^ +
the different form s depending upon the system  and composition and 
precise heat treatm ent. At very low tem peratures, the stability 
of &  and p  (or«^ ) prevents the transform ation from  running its 
full course. A fully retained f  a t these low tem peratures will 
re s is t decomposition and show a very extended incubation period. 
Transform ation sequences occurring on quenching and ageing 
are  discussed in g rea ter detail in the following sections.
2.21. PROPERTY CHANGES AS GUIDE TO STRUCTURE
AND TRANSFORMATION SEQUENCE
For the type of m etallurgical investigation presented in this 
report, the lite ra tu re  shows a variety  of techniques although a 
few such as X -ray diffraction, optical and electron micrography, 
dilatom etry, e lectrical resistance and hardness tests have proved 
the m ost versatile  and therefore popular. Techniques such as 
electrical resistance and hardness m easurem ents have the advan­
tage of being easy to obtain, but suffer from  ambiguities arising 
from their averaging quality. Unlike microscopic or diffraction 
methods which a re  highly selective, these give quantities which 
are really  averages, achieving their aim by relying on the p re ­
dominance of the phase in question and consequently require
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supplementation with other methods „ The validity of correspon­
dences equating structure and behaviour to physical properties 
together with related m easurem ents have been discussed by 
Kelly and Nicholson,229 Chalm ers and Q u a r r e l l , 2 3 0  C a h n ^ S l  
and many others „ The information yielded by m easurem ent 
is generally analysed under the following subdivisions:-
1 Identification of phases
2 Rates of form ation of phases
3  Relative proportions of phases
4 The effect of composition on the sequence of appearance 
of phases (as observed on quenching)
5 Transform ation sequence (as observed during ageing 
treatm ents)
6 Changes in composition of phases during transform ation
7 The morphology of the transform ation products
8 The generation and interactions of structu ra l defects.
Some of these aspects are  now discussed f ir s t  with respect to 
quenching transform ations and secondly, with respect to ageing 
transform ations.
2 .21 .1 . P roperty  M easurem ent in Quenching
Transform ations
The speed of diffusionless transform ations can present difficul­
ties in the determ ination of ra te s  of form ation of the phases. 
Any technique chosen should be amenable to fast response, and 
even so, divergent resu lts  are  often obtained. On the other hand
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the sequence of appearance of quenched phases with changes in 
alloy composition may be determined easily by hardness tests , 
optical microscopy and X -ray techniques 0 The em phasis in 
the present work has been placed on such techniques.
It may be observed that the as-quenched hardness/com position 
curves for ^--zirconium as well as titanium alloys show a charac­
te ris tic  peak-hardness,9“13 (represented schem atically in 
Figure 2 0 ,  page 2 9 6 ) ,  which upon structu ra l identification and in­
tensity analysis can be ascribed to maximum do content (possibly 
9 5 %  of the quenched phase mixture and therefore  of the 
b u l k - ^ 9 , - 1 7 8 - 8 0 , 1 9 4  v a i q e t y )  formed during the quench from  the 
 ^ field. At some composition X3 the increased stability of the 
|3 phase perm its it to be fully retained upon quenching; the on­
set of this condition is readily indicated by the low hardness.
/
At very low com positions,^ x^, oi may form  alone. For the 
composition range x j - X2 , <oif coexists with diffuse m artensitic 
to- (to mcj). Sim ilarly, between X2 and X 3 ,  diffuse m artensitic 
coexists with ^ 0 . Miodownik and Eliasz^ have shown that slower 
rates of quenching (Zr-M o alloys) shift the critical compositions 
(i.e.X2 and X 3 )  to higher values and in addition, cause them to 
become obscured (Figure 21, page 296 ). It would appear that 
quenching inconsistencies are  responsible for many divergencies 
in the resu lts  from  essentially  sim ilar experiments of some 
early in v es tig a to rs .^  '
2.21.2. P roperty  M easurem ent in Isotherm al Ageing Transform ation s
Experimentally ’the isbthermaL tem perature, T, may be approached 
from either direction — i.e .by  quenching directly or by f irs t quen­
ching to room tem perature (or to some
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tem perature below T) and then heating up to T . The kinetics of 
isotherm al transform ations may be affected differently by d irect 
isotherm al treatm ent and the quench-age treatm ent. The re su lt­
ing differences in the rate of approach to equilibrium during iso ­
therm al treatm ent can be dem onstrated in the recorded property 
changes.
Quench-age: Figure 37 is a hypothetical metastable diagram  for 
a £ stabilised system  such as zirconium-niobium. The o<Ms and 
oo Ms are  shown; in addition the occurrence of quenched phases 
with composition are  given. Three ageing tem peratures are  indi­
cated to show a high, tem perature range (> T2), a medium tem ­
perature range (T2 - T3 ) and a low tem perature range (< T3) . 
Quenching from  the solution tem perature to room tem perature 
induces the m artensitic phases to appear as shown (Figures 24,
37, page 2^7 ).
/
Compositions O-x^ y ie ld s  ,c& and phase m ixtures of these. 
x2 -x 3 yield w + 0 O 
x4 yield f 0 .
Suppose the f ir s t  ageing reaction is to, it is  c lear that for
the compositions X2 -X3 which have yielded +to on quenching 
to room tem perature, the transform ation would have already be­
gun when the ageing tem perature, T, is reached. The physical 
property m easured would thus not show an initial constant value in­
dicative of the incubation period. Figure 40(a) com pares the hard­
ness p lo ts ^  fo r  a zirconium -12% niobium alloy aged at 400°C.
The quench-age curve shows no incubation period. Plots of
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dilatom etric m easurem ents (Figure 41, page 303) for the same 
alloy also support this observation.
Hatt and R o b e rts^ , 129 report that mechanical deformation 
induces the form ation of in zirconium-niobium and zireonium - 
vanadium alloys. In a quench-age treatm ent, associated s tre sse s  
influence the ageing kinetics. It is reasonable to suppose that even 
if the form ation of u> has already taken place at the commence­
ment of ageing, the growth of to partic les (i.e.extension of the 
to interface) will be aided by residual s tre sse s . This reason­
ing applies equally to the quench-ageing of an alloy of composi­
tion X4 . Quenching this alloy to room tem perature does not en­
gage the to Ms (although u>Ms is accessible below room tem ­
perature and alloy X4 suitably quenched would then contain a lim it­
ed amount of 10 ) and therefore the f  is fully retained. Hatt and 
Roberts 195 employing hardness and X -ray diffraction observed 
increasing incubation periods before the appearance of to as the 
composition of a zirconium-niobium alloy exceeded the equivalent 
of X 4 .  At 400°C and for an alloy containing:-
15 at.%  Nb — to begins after a few minutes 
20 at.%  Nb — ubegins after about 30 minutes 
30 at.%  N b — to begins after about 4 hours.
The ageing of these alloys (i.e.^and")*^) does not involve the 
ioMs although according to the m etastable diagram  to may co­
exist with ^ in the region between the toMs and 
boundaries. It is an open question whether the reaction 
^•W p+ul)then  occurs by a m artensitic or isotherm al process.
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The form ation of isotherm al m artensitic to has not been discussed 
in the lite ra tu re ; however, the very limited atomic displacem ents 
involved could be accomplished with diffusional forces. It is 
reasonable to assum e that conditions for the forward reaction 
would be particularly  enhanced by the presence of residual s tre sse s  
set up by quenching the alloy.
D irect Isotherm al: The reason why the d irect isotherm al tre a t­
ment is more likely to dem onstrate an incubation period, with r e ­
gard to the appearance of to 9 than the quench-age may be appre­
ciated by examining Figure 24 (page 297). It is obvious that iso­
therm al treatm ents for tem peratures and compositions (x2 - X4 ) 
can to a large extent avoid «Ms /  co Ms interactions specially at 
higher tem peratures. The hardness and dilatom etric plots shown 
in Figures 40 and 41 (page 303 ) for a zirconium -12% niobium alloy 
aged at 400°C support this observation.
2 .21 .3 . Hardness as an indicator of the ageing trans -
form ation sequence in f ~ Z r  alloys
The pattern  of ageing hardness in ^ -a llo y s is well established. 5? 
9-14,179-183,228 a  variable induction period (i.e .an  initial con­
stant but low hardness level the duration of which is variable) is 
followed by A characteristic  r ise  to a high level or peak..’ This peak 
value is followed by an extendended period (although very short 
lived at high tem peratu res,> 550°C)of constant plateau which is 
generally as high as the peak value but may be slightly le ss .
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Figures 40,41 and 421^0 illustrate the variable induction period 
(compare 20 and 30% Nb plots with those of 6 , 8 ,10 ,12 .5  and 15% 
Nb in Figure 42) and the two types of plateau values determined 
by the peak (6 . 8  vs. 10,12.5 and 15% Nb plots). The plateau is 
term inated at advanced ageing tim es by a marked drop (precipi­
tous at low tem peratures,/N^400°C, but more gradual at medium, 
400-550°C, and high temperatures,)" 550°C) to a level which is 
nonetheless higher than the initial hardness of ageing (Figure 
4 3 ,page 304).11
The tem perature and composition dependence may be obtained 
by ageing different alloys at high, medium and low tem perature 
ranges. The information is best presented by plotting the p la­
teau hardness vs „ tem perature and composition in turn (Figures 
44,45, page 305).H  For binary alloys peak hardness increases 
inversely as the tem perature and the composition (400-550°C). 
The behaviour may be understood by applying the lever rule to 
th e ( jjO  + metastable region with the further fact that a t low 
tem peratures, the + ft) reaction does not go to completion
because diffusion is increasingly inhibited. Explanation; of 
the observed pattern of the ageing hardness is very much depen­
dent on X -ray diffraction data. The mechanism of transform a­
tion (discussed ea rlie r  in section 2 .1 9 .2 .page 105) which 
attributes the r ise  in hardness to the form ation of 3-dimen­
sional to 16,129,179,196,197 \ s  consistent with the following 
facts:-
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1 Quenched (> alloys generally contain varying amounts of 
crystallographically im perfect or 2 -dimensional hexago­
nal phase which is designated as diffuse . Diffuse co 
is coherent with the £ lattice and possesses a c / a  ratio  
of 0. 612-0. 615. The consequent lattice distortion obtain­
ing from  such limited interface is so sm all as to cause no 
extra hardening.
2 Small atomic rearrangem ents in the tc-phase occur during 
the initial ageing period and the axial ratio  which in the 
quenched condition is no g reater than 0. 617 increases to a 
constant value of 0.622-0.625 for all alloys. The <*> in te r­
face grows to achieve a fully 3-dimensional form ,or at 
least,begins to grow. The effect of these atomic movements 
a re  reflected in the hardness m easurem ents as a sudden 
increase during the initial 15 minutes of ageing.
3 A fully 3-dimensional and coherent oo then begins to suffer 
a break down in its coherency with the la ttice . The non­
coherent is most effective in impeding the movement of 
dislocations and thus dem onstrates a further increase in 
the hardness m easurem ent. The to-phase is stable for a 
m easurable period of time during the ageing process (this 
is reflected by the plateau period). The time of stability 
varies with ageing tem perature (greatest for low and 
medium tem peratures becoming increasingly short above 
550°C) and alloy composition.
4 During this stable period,solute atoms diffuse from  the to 
lattice to enrich the £ phase. There should thus be re laxa­
tion in the lattice and a consequent s tra in  in the f
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lattice. However, since the hardness rem ains constant, it may 
be assumed that the hardness m easurem ent is insensitive 
to the process.
5 The drop in hardness which term inates the stability of the 
plateau is accompanied by the form ation of ©< . However, the 
initial form ation of <x can be detected by X -rays near the 
end of the plateau period, so the plateau hardness is a com­
plex running balance of several processes, which the hard­
ness m easurem ent is unable to separate.
6 The phases involved in the decomposition of f  all respond 
to reversion  and re trog ression  phenomena. It is thus pos­
sible to dem onstrate and check the position of the m eta­
stable boundaries, in particu lar, the^tt) + |?) field.
2 .21 .4 . Summary of Transform ation Sequence in
in Zirconium Alloys
Broadly, the transform ation at interm ediate tem peratures (i.e.
400-500°C) is :-
A
(^ a b  + £ r)-* (lb -p  + 4  + + compound)r
f io )(k\nd +
At high tem peratures (>550°C), £ transform s directly  to o< .
At low tem peratures (<400oC), the reaction does not go beyond 
the f irs t  stages, ( j^ b  + ^r)* addition to the effect of tem perature, 
the ageing transform ation sequence depends on the alloy system
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and composition within a given system  as may be expected upon 
examining the quenched phase, m ixtures/com position relations 
(Figure 24, page 297). The effect of alloy system  and composi­
tion on the transform ation sequence is illustrated by the resu lts  
of Hatt and Roberts
Z r - 6 . 8% Nb, Zr~4.5% Cr
+ 2 nd equilibrium phase 2 nd
equilibrium phase» (compound).
Zr-7% V
f  I 
“ mb
Zr-10% V, Zr-13% V
to  + ZrV2 + ZrV2 + ZrV2
co+ ZrV2
(The Z r-V  binary system232 is  of the eutectic type and contains 
one interm etallic compound ZrV^. The maximum solubility of V 
in (3 -Z r is about 15 at„% V, whereas the solubility of V in c<~ Zr
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is low but undetermined. There is a eutectoid reaction ZrV^)
at 777°C, the eutectoid composition being approximately 9 at. % V.
It is evident that at the compositions shown above the increased 
stability of the -phase has caused to to appear on quenching.)
Z r - 8 % Nb, Zr-10% Nb
V
+ 2 nd equilibrium phase 
(450-550°C)
+oC~>£>< + 2 nd equilibrium phase
(400°C)
A> + "W
Zr-15% Nb, Zr-20% Nb 
/*
^  ^  ^
A + ^  cx? + 2 nd equilibrium phase
Zr-30% Nb
+ CO—^  /p /^0
o
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The captions "md" and "mb" refer to m ar tensitic-diffuse and 
m artensitic-bulk eo respectively. $ r  and are  so lu te-rich  
and equilibrium f t . Both are enriched p phases; indeed 
the solute content of jS e is much g reater than ^ r . The designa­
tions thus reflect the confusion which is evident in the lite ra tu re .
The effect of £ 11,12 0n the kinetics and sequence of transform ation 
in P -alloys has received little attention in the published reports.
2 .21 .5 . Ageing Transform ation Sequence ( £ -T i
alloys involving to )
The kinetics of the reactions involving to formation in 
alloys of titanium with (> stabilising elements are  sim ilar to 
those of zirconium. The basic work on this aspect of titanium - 
vanadium alloys was done by Brotzen, Harmon and T ro iano*^ 
who dem onstrated that the £ decomposition process could take 
place either by d irect form ation of o< or by the sequence
( to + ^ )->■(u3 +c*  + p  oi. + jB ) f depending upon tem perature. 
D irect o<, form ation occurred at high transform ation tem pera­
tures, and at tem peratures too low for appreciable diffusion,only 
the f irs t  stage of decomposition involving oo occurred. The in­
term ediate tem perature range in which u> form ation preceded 
oC precipitation was found to extend approximately from  360 
to 500°C (in zirconium alloys, this range is 400-550°C) in 
alloys containing 12.5 and 15 wt.% vanadium. Transform ations 
in this system  were rapid, oc form ation f irs t  occurring in
1-10 minutes at 500°C, though the p rior form ation of oo  in the 
quench from  the (> field re ta rted  it a little .
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In the ea rlie s t study of fi decomposition in titanium-molybdenum 
alloys, DeLazaro, Hansen, Riley and Rostoker^33 employed m etal- 
lographic methods and consequently m issed the presence of v o  . 
L ater studies by Bungardt and Rudinger234 revealed the presence o j-  
u> and dem onstrated that titanium-molybdenum alloys follow 
the general pattern established for titanium-vanadium alloys. 
S ilco ck ^  has followed the ageing of a titanium -13% molybde­
num alloy (400,460 and 500°C) by X -ray techniques and has 
reported strong to  reflections after 1 hour at 400°C, 20 minutes 
at 460°C and 30 minutes at 500°C. The to phase was more p e r­
sistent in titanium-molybdenum alloys than in titanium-vanadium 
alloyq (see tendency towards compound formation in Z r - 7 ,10 
and 13% V on page 128 ) D
2 .21 .5 . The Ageing of M artensitic ( aC )
o /  /p  alloys of low composition give rise  to U  or o( + vd on quench­
ing (Figure 24, page 297). As a supersaturated m aterial, the 
ageing reaction is basically straight forward, quenching s tre sse s  
are relaxed and the precipitation of compound occurs if the 
system  is reasonably active. Normal changes in properties are  
observed^35,236 ancj although these may be employed to follow 
the reaction, the problems of establishing the details of tran sfo r­
mation rem ain. Williams and G ilb e rt^ ?  after investigating the 
ageing of a Z r - 2 .5 wt.% Nb alloy with x -ray  diffraction and 
electron m icroscopy suggest that changing m atrix /p rec ip ita te  
coherency and the niobium content of the homogeneously nuclea­
ted precipitates are  mainly responsible for the observed in c reas­
ed hardness. Their resu lts  of precipitate dimensions and m acro-
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hardness values are  plotted in Figure 48 (page 3 0 6 The hardness 
peak appears to be coriimensurate with the maximum in the twin- 
boundary precipitate separation. Optical metallographic exam i­
nation revealed that the quenched alloy had a m artensitic-type
/
structure ©< ? although a sm all proportion ( 5% by volume) of
was present. On examination of thin foils of the quenched
m aterial, it was found that the m artensitic needles contained
fine twins in agreem ent with an ea rlie r  observation by H o w e . 238
0
The twins varied in width from  150 to 500 A and were separated 
by distances which varied from  hundreds to thousands of ang­
strom  units both within individual grains and from  one needle 
to another. The m icrographic evidence is sum m arised in sec ­
tion 2.23 'page (149) and plate 3 (310 ) „
Brotzen, Harmon and Troiano239 studied high purity titanium -
vanadium alloys with hardness and resistiv ity  m easurem ents
as well as X -ray diffraction. They concluded that ageing in
these alloys was a straightforw ard rejection of vanadium from
c* in the form  of vanadium -rich & accompanied by increasing/ 1
param eters ( i . e . + pr  as a f ir s t  step to the form ation 
of oc + compound). Sim ilarly uncomplicated resu lts  were obtain­
ed for the + Ti2N) reaction in titanium alloys containing
up to 6 at.%  nickel.215
2. 21 . 7 .  Lattice P aram eter Changes as an Indication
of Transform ation
In contrast to the averaging quality of hardness m easurem ents,
X -ray diffraction methods enable a high degree of selection in 
which some structure sensitive properties of each phase may be 
determined and correlated  to achieve g reater understanding of 
the ageing transform ation. Lattice param eter changes are  of con­
siderable in te rest in the present investigation.
In dealing with alloy-induced to  , it should be pointed out that 
the solute atom is generally sm aller than the zirconium atom 
(see ui c rite ria , page 141). This fact —i.e ., the difference in 
solute and solvent atom sizes — enables one to separate p ro ­
ducts into so lu te-rich  and impoverished phases and thereby 
obtain information on composition changes. Consider a binary 
ft -alloy that form s ^  :-
1 On quenching, ^  decomposes to tom + @Q; these pro­
ducts possess the same composition as the original ^
and the lattice param eters of f> and a 3 vary simply with
the alloy composition (Figures 11,12, page 293).
2 The early  stages of ageing causes sm all atomic displace­
ments in the tO phase with a consequent change in 60 and 
fj lattice param eters. The omega phase grows from  a
2 -dimensional coherent structure into a 3-dimensional 
coherent form . Later, the coherency breaks down and a 
consequent adjustment in the as well as the to distances 
may be expected;
3 As ageing advances, ^ becomes enriched in solute while 
iO is impoverished. This process is accompanied by a 
further change in lattice param eters.
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Figure 47 (page 306) shows a typical f  lattice param eter/ageing  
time plot with two reductions — an initial and sm aller decrease 
belonging to process (2) and a much la rger second drop rep resen ­
ting process (3) and occurring at interm ediate ageing tim es. While 
there is little doubt that the larger drop is caused by the accommo­
dation of solute atoms, 12,16 the cause of the much sm aller initial 
drop may not be due to gain of solute atoms by the f  phase. Know­
ledge of the mechanics of the transform ation (pages 102-107) and 
diffusion tim es lead to an interpretation based on to-induced stra in  
since it is during this period that the to lattice still coherent with 
the (5 lattice grows in size and causes the hardness to r is e . Com­
m ensurate changes in the to distances are  not so straight fo r­
ward to in terp ret owing to structu ra l anisotropy of the cell. The 
c / a  ratio  increases from  about 0.613 to 0 . 6 2 2 9 - 1 2 , 1 6 ,1 2 9  as 
rapidly as the initial drop in fl param eter (Figure 48a, page 306) 
and as might be expected, the c param eter relaxes more than the 
a param eter. It then rem ains constant giving no indication of the 
second and more d rastic  reduction in the fl lattice param eter 
(Figures 48a and b).
By resorting  to a lattice param eter/com position  curve obtained 
for quenched alloys (viz. F igures 11,12), the compositions re p re ­
sented by the different lattice param eter values may be d e te r­
mined, The lowest value in fl param eter, for example, determ ines 
the solubility lim it in e and thus m arks the (^  + p  ) /  ( y#e + <*) 
metastable boundary. Other metastable boundaries may be d e te r­
mined by resorting  to appropriate calibration curves in a sim ilar
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fashion. F igures 49 and 50 are the metastable constitution of the 
Zr-Nb system  as determined by Hatt and R obertsH  and Cometto 
et al.12 respectively. Hatt and Roberts employ la tt ic e  p ara ­
m eters as well as hardness resu lts . The ( <o + p ) boundary estab­
lished by Cometto et al is confirmed by re trogression  and re v e r­
sion resu lts  (see page 115).
2.22. to  PREDICTION CRITERIA
Several attem pts have been made to rationalise the occurrence 
of te  in zirconium and titanium alloys, in order to predict the 
system  in which this phase might appear.
2 .22 .1 . p  Stability — N ecessary But Not Sufficient
The superficial observation that u> occurs in system s with an 
extended f  field (see Figure 36, page 301) and not the «< stab ili­
sed type induces the temptation to predict the to /(  c-o + p ) and 
( (o  + ) /  boundaries from  the equilibrium o i / ( o i  + $ ) and
( ot + p  ) / p  boundaries and their extrapolations. However, a 
negative (oi + $  ) / p  slope is not a sufficient condition; for it is 
found that although Z r-F e  and Z r-A gH  fulfill this requirem ent, 
they do not display to .
2 .22 .2 . D epression of ©<MS as to C riterion
In order to explain the phases observed on quenching from  the 
P field, a se rie s  of hypothetical Mg-M p/com position curvesH  
may be drawn as in Figure 24. For convenience, the limiting
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compositions - X5 a re  indicated in the f ir s t  graph. Considering 
this graph (i.e. Figure 24(a)), increasing compositions will cause
the following quenched phases to occur:-
* / 
x(O-xi), W (xj + x2), w + o< (x2 - x3), w(x3 - X4), 
W(x3 -  x4), 0 + *1 (X4 - x5), 0 (> X 5)
For (b),the sequence would be:-
y /  .
c4 ,  C<+ tO , £*}+<*£ , (8 + t O  , p .
For (c) the sequence would be:- 
o i , o(.+  iO , c^+ P  9 ^  •
For (d) the sequence would be:-
< ? {  f  C > { +  P  ,  P  •
It is apparent that oa occurrence can be treated as a m atter of 
depressing the <*MS below the u>Ms with the aid of solute addi­
tions but the precise relative position of these curves leads to 
significant differences in behaviour. Situation (d) also indicates 
that to might form  in an otherwise completely retained $  
structure if quenched to sufficiently lower tem perature s . 12 
This treatm ent seem s to work quite well for titanium alloys in 
which it is possible to obtain data for the Ms . When the ©cMs 
figures are  combined with an ocMs value in the neighbourhood 
of 500°C (assumed here as relatively independent of composition 
in the absence of any other information), the prediction of solute 
compositions at which u) alloys form  instead of alloys
is reasonably good (Table 20)» Where c<Ms values are  not
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available, these can be estim ated from  the related equilibrium 
diagram ? 6 providing the stra in  energy component is sm all. 
Unfortunately in Zirconium alloys the equilibrium diagram  data 
for limiting solubilities is not very accurate and it is not
possible to obtain very good correlations „ Even if a 
( p  u3) transition can be predicted for a system^it may not 
be physically possible to obtain the necessary solute content 
owing to the lim ited (! solubility. It is likely that the absence 
of to in Z r-F e  and Zr-Ag is due to this effect.^
2c 22.3. E lectron Concentration and to Stability
Electron concentration c rite ria  for interm ediate phases and 
the extent of solid solubility were f irs t  indicated by Hume-Rothery 
and Ray nor. 100 Raynor la ter suggested that these c rite ria  may 
legitim ately be extended to m etastable c o n s t i t u t i o n s .2 4 0  one 
reason for this suggestion is that at low tem peratures the 
Ferm i Energy is the chief factor in the minimum free-energy 
condition and the electron concentration is a m easure of the 
Ferm i Energy. M c Q u illa n lS  has also indicated that grouping 
the elements in te rm s of the Periodic Table to show the effects 
on the relative stability of &< and (3 suggests that electronic 
factors ra ther than the size factor are  of prim ary importance.
The electronic factors that determ ine the stabilisation of ^ in 
zirconium and titanium have been examined by Ageev and Petrova,?4 
Uy and Burr,?2 Bychkov,241 McQuillanl^ and Hatt and R obertsH  
(see discussion of U  and ^ stabilisation in sections 2.4, 2.5).
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Uy and B urr as well as Hatt and Roberts have tried  to rela te  
solute valence to f> stabilisation with only lim ited success. 
Ageev and P etrova suggested that for titanium alloys an e / c  of 
4.2 was necessary  for the retention of # . However, this figure 
has been critic ised  by M c Q u illa n I S  as not being in good ag ree­
ment with available data, particu larly  for Ti-Nb. In the d iscus­
sion of Brillouin zone factors (page 46 ) affecting the stability 
of the /> phase, the importance of an e / c  value of 4.189 was 
i n d i c a t e d . I t  thus appears the value of 4.2  suggested by 
Ageev and Petrova is reasonable even if not entirely sa tisfac­
tory. Luke, Taggart and P o l o n i s ^  have recently extended 
B y c h k o v fs 2 4 1  approach to cover both zirconium and titanium 
and claim to be able to make quantitative predictions concern­
ing the effect of contamination and additional alloying elements 
on the m etastable constitution. The transform ation data obtain­
ed from  current lite ra tu re  sources for alloy system s based on 
zirconium and titanium are  shown in Tables 18 and 19. For
TABLE 18
Solute Concentration for stabilisation (100%) in zirconium 
binary alloy s.
System Solute conc.at.%
Solute
valency
(after
Pauling)
Relative 
solute 
size 
Zr = 1* D = e / a
Zr-3=@Co Not available 6 0.78
Zr-C& 7.2 6 0.78 4.143
Zr-Cu 1 0 0 % p not retained 
Solub lim it only 5.3
5.56 0.79
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TABLE 18 (cont’d)
System Solute c o n e .a t.%
Solute
valency
(after
Pauling)
Relative 
solute 
size 
Zr =1* D = e / a
Z r-F e ft not retained at 6 0.78
a l l . Solub .lim it ^ 1 0 ,0
Zr-M n Approx. 10 solub.limit 6 0.83 4.2
.Zr-Mo 7.1 6 0.855 4.142
Zr-Nb 15 5 0.89 4.148
Zr-N i ft not retained. 6 0.78
Solub.lim it only 2.9
Z r-T a Not available 5 0.89
Zr-V 1 0 0 % not retained 5 0.81
Solub. lim it too low
* Based on atomic diam eter of Zr - 3.2 A
TABLE 19
Solute concentration for ft stabilisation (100%) in titanium binary 
alloys
Solute Relative
Solute valency solute
conc. (after size ( t 0 . 0 0 1 )
System at.% Pauling) Ti = 1 D = e / a
Ti-Co 6 6 0 . 8 6 4.12
7.5 6 4.148
5-7 6 4.10-4 .14
T i-C r 7.5 6 0.87 4.147
Ti-Cu 9.3 5.56 0.94 4.144
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TABLE 19 (cont'd)
System
Solute 
conCo 
at. %
Solute
valency
(after
Pauling)
Relative
solute
size (+ 0 . 0 0 1 ) 
Ti = 1 D = e / a
T i-Fe 6 - 8 6 0 . 8 6 4.12-4.158
4 4.08
Ti-Mn 5.5 6 0.94 4.118
7.5 4.148
8 4.158
Ti-Mo 7.2 6 0.96 4.143
7.4 4.148
Ti-Ni 7 6 0.85 4.14
7-8 4.15
T i-Ta 15-21 5 1 . 0 4.148 at.%
4.15 at-;%
Ti-V 15 5 0.93 4.148
Ti-W 7 6 0.96 4.14
each alloy system , the solute concentration that needed to 
retain  the $  phase fully is indicated and the e lectron /atom  
ratio (synonymous with e /c )  has been computed from  the P au l­
ing valence of the element involved. The authors point out that 
the justification for using the Pauling valence lies in the fact 
that it is a m easure of the number of electrons involved in the 
process of so lid-state  bonding in the transition m etals.^40 ^he 
data from  Tables 18 and 19 are  plotted in Figure 51 (page 307).
1 It is possible to predict the solute composition for com­
plete P retention. This is at an e /a ^ 4 .1 4 4
2 The e / a  range for t o  stability is 4.06 to 4.144
3 The addition of solutes having less than a valency of 4 will tend
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to stabilise the phase (compare with Uy and B u r r , p a g e  49 ). 
4 The electrons per atom, e / a  or D, is related to the composition 
thus: -
D -  ( P i l in g  Valence - 4) At.% + 400 
100
This treatm ent is typical of the em pirical correlations that have 
been attempted, and which indicate that there must be an e lectro ­
nic factor involved in the form ation of the phase. However, it 
is extrem ely difficult to separate the various other factors — e.g. 
size — and it must be admitted that there is heavy reliance on 
existing experim ental evidence and very little prediction.
2.22.4.  Solute Size as to C riterion
The size factor considera tion 's  invariably connected with that 
of electron concentration or valency. The shorter distances 
would imply that sm all size favours to lattice and bonding arrange­
ments. However ft stabilisation which is a requirem ent for to is 
favoured by a large size factor. O-Sato and his c o w o r k e r s ^  have 
shown that the g rea ter the size factor, the greater the effect of 
the addition element in depressing the +* Ms tem perature of titanium 
alloys. Too large a size factor re s tr ic ts  the total ft solubility ren ­
dering it more difficult to attain the necessary solute content at 
which the toMs is intersected. Experimental resu lts  show that 
the transform ation of ft to to occurs over the same tem perature 
range,< 500°C,for various alloys in which the size is known to 
differll>14,129 kut examination of the size factors (Tables 18,19 
and 2 0 ) reveals that where u> occurs, the solute atom is always 
sm aller than zirconium (the observation applies equally for titanium). 
Indeed Bagaryatskii and his coworkers 1^8 have examined the size
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factor in the titanium system  and have suggested that the to phase
is favoured by a decrease in the solute radius. When the solute
radius is la rg er than that of the solvent and s till sa tisfies the
//
substitution solution requirem ent (i.e.the +15% rule), oi  ,an  
orthorhombic structure , is favoured. According to these investi­
gators, a few titanium system s exhibit both (O and the la tte r
forming at the lower solute compositions. Obviously the sm allero ©
size of the titanium atom (c.p. p  Ti = 2 . 8 8  A with 0 Zr = 3.20 A)
provides for g rea ter play and selection with regard  to matching
//
solute sizes. Consequently, while U  is observed only in the z i r ­
conium-thorium system  (the thorium atom being much la rger
/ /than the zirconium atom), ©c is found in many more titanium
system s. Table 20 gives the data in atomic per cent solute for
. ¥
the occurrence of the o( and to phases is system s of titanium and 
zirconium with the transition elem ents.
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Thus to sum up, there are  at least two size factor requirem ents 
necessary  for the formation of to : -
1 The ±15 percent substitution requirem ent.
2 The solute atom needs to be sm aller than the solvent atom; 
this reduces condition 1 to -15 percent.
Now condition 1 acts indirectly, insofar as it controls the m axi­
mum amount of solute that may be taken into solution in the ft 
phase. Condition 2 appears m ore in teresting (see electron 
distribution, page 147 ) with regard  to to prediction. However, 
in view of the fact that not all solutes satisfying this size factor 
requirem ent exhibit (e.g.Ag and F e ),it may be concluded that 
the relative solute size although important cannot yet be shown 
to enable unambiguous prediction of to .
2 .22 .5 . D istribution of E lectrons in the ^  -Phase
Ja m ieso n ^  after experim ents in which the oo phase was produced
by high p ressu res  estim ated the possible electronic changes
occurring on transform ation by considering the Z r-Z r distances
2 1 1in the to struc tu re . The lattice s ites a re  (0, 0, 0), «) and
1 2  1
( 3  ’ 3 ’ 2^* 0) sites have 2 neighbouring atoms at
d i = c, 
and 12 atoms at
while the other two sites have 3 (coplanar) atoms at
147
d3 =a/(3)*,
2 at d i  and 6 at d2 .
These distances are  tabulated in Table 21. For comparison, two 
distances in the <x structu re are  included — d4  the spacing perpen­
dicular to c and d5 the distances of closest approach for the rem ain­
ing 6 neighbours in the phase.
TABLE 21
Interatom ic distances and number of neighbours in co and ©c
phases.^
Distance type No. of neighbours
0
Distance A
Ti Zr
dl 2 2.813 3.109
d 2 1 2 , 6 3.018 3.297
d3 3 2.670 2.908
d4(<x:) 6 2.950 3.232
d5(o< ) 6 2.897 3.179
2 x R(l) 2.648 2.908
The change in atomic radius effected by the change in coordina­
tion number N may be estim ated by applying Pauling’s^40 em piri­
cal re la tion :-
R(l) - R(n) =0 . 3  logjQn (12)
where n is related to the valence V by n = V /N  and R(l) is the 
univalent radius of the atom in question. The value of dgjthe 
closest distance of approach in the structure , can be seen to 
be about twice the univalent radius R (l) . This would imply that
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V = N, and an effective bonding valency of 3. Accordingly Jam ieson 
has suggested that one electron adopts a stric tly  localised d -state 
at each atom site, leaving the remaining 3 electrons for conduction 
and bonding. It is now necessary to reconcile this view with the 
e / c  treatm ent (sections 2 .4 .4 .and 2 .22.3.) which has tacitly 
assum ed a valency of 4 for zirconium . The e / c  picture gives a 
m easure of the instability of ^ ,fo r  which a valency of 4 is probab­
ly valid but this does not preclude a change in electron distribution 
on transform ation to the «3 phase. There is no experim ental evi­
dence available for the changes in electron distribution resulting 
from  to  formation in alloys, but it is quite consistent to expect a 
higher electron concentration to lead to $ instability and a con­
sequent localisation of excess electrons on transform ation.
Strictly speaking ^  form ation depends on the interplay of stab i­
lities of all three phases — o( , ^ and to — and it is not valid 
to employ a treatm ent based only on their separate p roperties. 
However the electronic factors which stabilise ^  would seem to 
be one or more of the following factors:
1 An unfilled d shell
2 More than 4(s + d) electrons
3 Three electrons available for shared bonds.
2.23. NOTES ON METALLOGRAPHY
M icroscopic examination of both f) zirconium and titanium 
alloys is facilitated if quenched §  markings are  readily d istin­
guished from  ageing morphologies. In the main, quenched alloys 
are  characterised  by sharp line m arkings indicative of diffusionless
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transform ations (the pearlitic  distributions of quenched eutec- 
toids may be excepted) while aged alloys show disrupted lines and 
round precipitates,,
2 .2 3 d . Quenched |3 Line Markings
Quenched P involving to (Le. reaction types 1 and 2) yields the 
following family of structures:
TABLE 22
Sequence of quenched phases/com position
Solute content 0 low medium high
Phases p — / o( > + ^nb? t4nb> ^Jnb + @o &
The line m arkings associated with each of these structu res may 
now be considered. Examples of four types of line markings seen 
with magnification less than 2 0 0 0  (i.e .optical microscope) are  
shown in P lates 1-4 (page 308 ). Details of these are  only visible 
with the higher magnification achieved by the electron m icroscope 
(Plate 3, page 310).
Slip lines and twin markings, which may be conveniently grouped 
together, a re  generally found in single crysta ls and deformed 
coarse g ra ins„ l:M 7,122 g^p SyStem for both zirconium^O, 47, 
122,243 ancj titanium ^5? 123,244 com prise:-
c* Phase: 4 twinning planes (1012), (1121), (1122), (1123) and
2 slip planes ( 1 0 1 0 ) ,  ( 0 0 0 1 )  
c x /  twinning plane ( 1 0 1 1 )
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f l phase: twinning plane (1 1 1 ) (twinning not normally
e x p e c t e d 4 4 - 4 6 , 1 8 8 )
slip planes
While slip lines are  generally fine and straight (Plate la), twin 
markings reveal a characteristically  V shape (Plate lb).
High purity zirconium (or titanium), whether quenched or slowly 
cooled from  the field, shows an structure consisting of 
large grains having extrem ely se rra ted  boundaries47>53,188 
(Plate 2). Such m artensitic product with irreg u lar edges is r e ­
ferred  to as "m assive". 188 As the details of m assive transfo rm a­
tions are  still obscure, the m icrographic appearance is the main 
standard employed to distinguish it from  other types. It has 
however been suggested that instead of twinning, the 
transform ation occurs via the slipping of large blocks which r e ­
sult in the irreg u la r se rra ted  appearance of the edges.188 De­
tailed examination of the irreg u la r boundaries ( iodide Ti) 
reveal that they a re  composed of variously protruding blocks.188 
Even in the quenched m aterial the c< pattern in no way indicates 
the ft grain structu re  from  which it must have developed. As 
the oxygen (nitrogen or other solute additions) content increases 
beyond 0 . 0 2  wt.%, the structu re  becomes more obviously lam el­
la r, the regularity  of the lam ellae becoming m ore pronounced 
with increasing oxygen content47,53 (Plate 3a, page 309). At the 
same tim e,the structu re becomes more obviously related  to 
the original 0  grain system .
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The acicular species generally designated <* is a positively 
twinned product appearing with the addition of 0 . 3  wt. % oxygen 
or the f irs t traces  of substitutional solutes. The transform ation 
^--^o/causes surface rumpling, more marked in titanium than 
in z i r c o n i u m ,  1^,47,188,209 which together with the sharply o rien­
ted features a re  employed as visual c r ite ria  for evidence of a 
m artensitic transform ation. The structure may assum e in c reas­
ingly complex textures depending on the type, amount of solute 
added and the quenching ra te .47,53 Armitage,188 W illiams et al41 
and Higgins and B anksl88  h&ve examined the detail structure of 
individual m artensite plates with electron microscopy. They r e ­
port that although for low (3 zirconium alloys (e.g. 2.5% Nb) 
and some high p titanium alloys (e.g.Ti-3% A l-6% Sn) there is 
no evidence of internal twinning, the m artensite plate (itself a 
twin) of higher alloys forming o( is internally finely twinned 
(Plate 3, page 310). The twins (Zr-2.5%  Nb + 1300 p .p .m .0 2 ) 
according to W illiams and Gilbert237 vary in width from  150 to 
500 A and a re  separated by distances which vary from  hundreds 
to thousands of angstom units.
P  appear as dark lines of preferential attack, i.e . grooves 
(Plate 4, page 311). They are  directional and parallel to 
X l0 0 )>£ ,11,130 appearing on a |l00}^  surface as two sets at 
right angles with the ir lengths parallel to ^1 0 0^  • If this s u r ­
face is polished and re-etched, most of the line markings r e ­
appear in the same position as before indicating that they a re  
associated with a £ l0 0 ^  . On surfaces which a re  not ^100j^  ,
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the line markings form  rows paralle l to^lOO^g ,the  attack being 
g reatest on those which are  associated with the £ l0 0 j^ and fo rm ­
ing the greatest angle with the su rface . The ft* line m arkings can 
be stra in  induced .^  The lite ra tu re  assumed ft to be a hydride 
phase which precipitates by virtue of the hydrogen acquired from  
water during quenching. ^ -13,17 The amount involved is probably 
less than 50 p.p.m . It is puzzling why such sm all amounts should 
be rejected by the ft phase which accommodates large amounts 
of hydrogen at ft tem peratures. The problem of hydrogen solu­
bility in m etastable ft (indicated ea rlie r  in section 2 . 8 . 3 .,  page 
65 ) has received little attention. In order to decide whether 
the precipitation is reasonable, the following facts are  needed:-
1 The exact eutectoid composition of the f t  -hydrogen ternary  
system  in question.
2 The slope of the $ / hydride boundary as it approaches the 
eutectoid.
3 The solubility figures for hydrogen in the to phase. This is 
important since quenched f t  contains varying amounts of to .
4 Is w ater, during the quench, the only source of hydrogen, i.e . 
how much hydrogen is involved?
If a fully retained ft is assum ed and the extrapolated ^ /hydride 
boundary reached zero  composition by intersecting the tem pera­
ture ordinate above, say 25°C,then even 10 p .p .m . hydrogen will 
be rejected by the quenched ft phase. If, on the other hand, the 
boundary reaches zero composition at some tem perature below 
25°C,then depending on how low, the quenched ft phase may 
accommodate m ore hydrogen in solution. In that case, the re je c ­
tion of sm all amounts of hydrogen can only be because Cd
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coexisting with quenched §  is rejecting much more hydrogen than 
quenched $  can accommodate in solution.
2 .23 .2 . Ageing Morphologies
The four line markings described above when subjected to ageing
treatm ents progressively lose their linear definitions and appear
disruptedo The annealing out of faultsl29,237causes internal twins 
/
of erf to coalesce, a process which increases their widths (Plate 5, 
page 312). P recipitation of other products may f irs t occur at the 
twin boundary and within the twin, causing the initially sharp 
edges to appear d i s r u p t e d . 1 8 8 * 2 3 7
2.23.3c The Fine Texture of hi
The use of transm ission  electron microscopy has enabled the rea l 
texture of ^  to be revea led .1^6,197 puiiy aged non-coherent m  
has a matted basket-weave appearance while diffuse w  may appear 
unresolved and patchy (Plate 6 , page 313). Magnifications employ­
ed by these w orkers are  40, 000-200, 000; even then, it is only the 
bulk non-coherent distribution of w that is  clearly  differentiable.
2.24. SOME PROBLEMS ASSOCIATED WITH @  -PHASE 
TRANSFORMATIONS
Although the general principles of phase transform ations in z i r ­
conium as well as titanium alloys are  sufficiently well understood 
to perm it the ir exploitation in com m ercial alloys,there are  never­
theless em barrassing  divergencies in observations arising  from
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closely sim ilar experim ents. There are  m ajor divergencies in 
reaction ra tes , transform ation tem peratures and anomalies in 
reaction products. Examples include the following:- (1) the solu­
bility figures for iron in zirconium, by H a y e s 2^ 2 et an(j Vogel 
and T o n n ; 2 4 6  (2) the reported eutectoid tem peratures in the 
zirconium-hydrogen system , by Fitzwilliam et a ly247 Schwartz 
et a l,248 Edwards et al, 2^9 Gulbransen and Andrew,250 E lls 
and McQuillan; m  (3) anomalies in the quenched $  products 
of zirconium  chromium alloys H  and observations relating to 
the f  phase,lM 2,125-.132
2 . 24.1. Non Equilibrium  P recip ita tes and Clustering
(M .K.) McQuillan* 2 ?22  suggests that the root of the problem 
is associated with the @ solution treatm ents. Prolonged heat­
ing at tem peratures near the (c4  + f> ) / f $  boundary can resu lt 
in aggregates or "c lu s te rs” rich in solute atoms; so that on 
quenching, there may be complications due to precipitation 
from  regions whose composition differ widely from  the average. 
It appears that in certain  system s [Ti-16% V-2. 5% Al as investi­
gated by Harmon and Troiano22*J , a separation into two form s 
of p  can be isolated as a distinct stage in to form ation. Non- 
equilibrium clustering and fluctuations in ft phase com posi­
tions have been given as reasons underlying disparities in 
phase diagram  determ inations* 2 ?2 2 ?2 2 * - 2  Qf titanium chro­
mium system .
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In order to te s t the clustering hypothesis suggested by McQuillan, 
Margolin et al^53-255 heat-treated  a T i-8% Cr alloy for various 
durations at 700°C (he, just to the left of the accepted o( + (3 /p  
boundary) and at 1000°C (well within the field) and followed 
this by subsequent treatm ents at 500°C. Their resu lts  showed 
that holding tim e at 700°C had a very considerable effect on the 
subsequent precipitation of ©£ from  the solution at 500°C 
treatm ent itself (Table 23) .
TABLE 23
H eat-treatm ents and m icrostructures of T i-8% Cr253
Holding Time at 70Q°C Structure Observed
None all $
2 hours ( *  + P )
24 hours coarse {&< + ) .
1 week Very coarse ( o i  + ft )
Holding at tem peratures lower than 70Q°C were equally effect­
ive in influencing subsequent <*. formation at 500°C but higher 
tem peratures were successively le ss  effective. From  these 
and other sim ilar experim ents on Ti-10% Cr and Ti-10% Mn 
alloys, these w orkers concluded that the reaction kinetics in 
such system s was markedly a function of the therm al history 
of the specimen. Sim ilar experim ents have been perform ed
by Hatf256 with zirconium-niobium alloys. Low composition
/
alloys which norm ally transform  to c« on quenching will form  
(o< + ) or ]£ hea t-treated  for different tim es within
the (o (+  j3 ) field.
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Even though McQuillan’s views on clustering have yet to be fully 
tested, the tendency for A and B atoms to segregate in order to 
lower the stra in  energy of the system  is a well recognised be­
haviour in solid solutions. Two factors are  generally recognis- 
e ( j 2 5 7 , 2 5 8 as contributing to clustering—size and electronic effects. 
Analytic t r e a t m e n t s ^  ^ ^ “ 2 6 2  show that a large number of solute 
atoms can re lease  the m ajor part of their strain  energy by fo rm ­
ing suitable aggregates. The most stable configuration is a p la te . 
N a b a r r o 2 6 1  has shown that for a given number of solute atoms, 
the most stable configuration is the thinnest plate; the plate must 
be one atom thick and on the crystallographic plane with the 
lowest density such that atoms of the m atrix on either side of it 
are  not nearest neighbours. This plane is ( 1 0 0 )  in both b .c.c . 
and f.c .c . la ttices. About 2 0  atoms are  necessary to decrease 
the stra in  energy by . Since the atomic m isfit energies are  
large for solution with in te rs titia l atoms, 92 the question might 
be ra ised  if such tendencies for short range clustering a re  not 
an inevitable component of p decomposition reactions.
2 .24 .2 . Non-Equilibrium P recip ita tes and Oxygen 
Segregation
The alternative suggestion that non-equilibrium precipitates 
and m icrostructu ral d isparities from  the p phase are  expli­
cable in te rm s of oxygen induced segregation has perhaps g rea ­
te r  acceptance than the clustering hypothesis . ^ 8  The effect of 
sm all quantities of oxygen on the stability of c< may be illu ­
strated  in Figure. 52 (page 307), in which hypothetical fre e -
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energy/com position curves for the ot and ft phases are  plotted. 
Since the ft stabilising transition m etals are  only slightly soluble 
in the M phase even in the presence of oxygen, it can be assum ed 
that the g reater part of the U  curve lies above the ft curve, but 
since it is known that oxygen is very effective in reducing the 
free-energy  of the oc phase, the actual level of the o( curve will 
depend on oxygen content. It will be apparent from  Figure 52 
that when the oxygen content is low, the o( curve will lie in a 
position such that the common tangent indicating the composi­
tions of the o( and ft phases, which coexist, will impinge on the 
ft curve at a composition corresponding to the beginning of the 
linear* part of the ft curve, as in (a); when the oxygen level is 
high, the o i  curve is moved down with respect to the ft curve 
and the common tangent then touches a point corresponding to 
the end of the linear region (b); between the two oxygen levels 
will be a c ritica l value at which the o( can exist in equilibrium 
with ft of composition covering the whole range of the flat 
region (c) 0
* The existence of a linear section in the free-energy /com po­
sition curve is essential to the analysis. It is however an 
assumption which according to (M.K.) M cQ uillan^ is not un­
reasonable since the solidus in T i-C r and other system s show 
quite flat sections. It should be pointed out that clustering is 
also inherent from  a linear ft curve.
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Experience suggests that this critical oxygen level may lie just 
within the range of most experim enters’ alloy sam ples. When 
the sam ples are  very high purity  the lower ^ / (  o ( + (3 ) bounda­
r ie s  corresponding to low-alloy content $  can be obtained if 
quenching is sufficiently rapid to prevent the decomposing du r­
ing quenching. With slightly higher oxygen contents, the higher 
boundary will normally be obtained, again providing that p rec ip ita­
tion during the quench is prevented. The difference between these 
two oxygen levels may be very slight. In between, it is  likely 
that the experim enter would find that minor variations from  
one specimen to the next would have very considerable effects 
on his observations; herein lies the probable explanation for 
the internally inconsistent se ts of experimental resu lts  too 
often encountered in phase diagram work in zirconium and 
titanium alloys field.
Clearly, some of the above problem s underlying the observed d is­
parities in experim ental resu lts  involve to , since this phase 
has been shown to coexist with and ^ species on quenching. 
However, there a re  separate problem s of structure , mechanics, 
as well as kinetics of transform ation belonging to the co phase. 
Some outstanding to -phase problem s indicated by the lite ra tu re  
survey are: -
1 The mechanics of form ation of diffuse and bulk to .
2 Details of transform ation kinetics involving the decomposi­
tion of to ; for example, whether &C is reached directly  via 
or f e .
3 The electronic distribution that favours to formation and the 
use of such information as a prediction aid.
E X P E R I M E N T A L  A S P E C T S
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3. IN T R O D U C T IO N
Following a review of the lite ra tu re  in the (B -zirconium  tra n s ­
form ations field, a report of the present experim ental contribu­
tion is now submittedo Accordingly, the ensuing sections contain 
the following top ics:-
1 M aterials (i.e .a lloys investigated and their constituent analy­
ses).
2 Apparatus.
3 Experim ental procedures (i.e .trea tm en ts and examinations) 
with the aim s of each experiment.
4 Results and Discussion of resu lts .
5 A program  for future investigation.
6 General conclusions.
A factor exerting the g reatest influence upon the design of ex­
perim ents and apparatus derives from  the high reactivity of z i r ­
conium and the necessity to m inimise gaseous contamination, in 
particu lar, that due to oxygen (effects of C>2 ,N 2 and H2 on alloy­
ing behaviour have been discussed in section 2 .2 .1 .) . Heat- 
treatm ents are  therefore carried  out in vacuum or inert atm os­
pheres. Provided the quenching medium (e .g .inert gas or m e r­
cury) does not introduce gaseous contamination, further difficul­
ties arising  are  mainly a m atter of technique. Many investiga­
to rs  have quenched with w ater, which must introduce sm all 
amounts of hydrogen. The effects of hydrogen in the amounts 
introduced by water-quenching has received little attention by 
investigators, although the presence of the platelike precipitates,
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designated as p * , in the m atrix of many quenched £ alloys has 
been ascribed to hydrogen. Accordingly, the aim of these investi­
gations is extended to the examination of ^ a n d  its effect on p  
phase transform ations.
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4. M A T E R I A L S
4 .1 . ALLOYS INVESTIGATED
4 .1 .1 , Binary Alloys
Both the binary (5, 6 and 7% Mo) and ternary  alloys (5% Mo-1. 5% Al, 
7% Mo-1% Al and 7% Mo-3% Al) alloys investigated were supplied 
by the U.K. A .E .R.E., Harwell. The binary alloys originally consti­
tuted as weight per cent were received as cast and subsequently 
rolled 1 cm rods. The atomic weights are  such that when conver­
ted to atomic per cent, the figures are  not significantly altered . 
Remelting and casting of the 7% Mo binary was advised after a 
prelim inary metallographic examination revealed evidence of 
segregation. The rem elted 7% Mo b inary  was received as short 
tapering fingers 6 - 8  cm long and 1 cm at the largest diam eter.
Table 24 gives hardness, diffraction and metallographic data 
concerning the as-received  binary alloys. The analysis of the
TABLE 24
Data on as-received  binary alloys investigated
Nominal 
composition 
of Alloys
Hardness
V . P . N Phases P resen t Grain Size
Zr-5% Mo 368 ^  , fcJ > d ,  f>"  stringefs ^  1mm
Z r- 6% Mo 330 $ > tAj  , oi' > P stringes ~  1mm
Zr-7% Mo 309 6 , t o , f  plates ^ lm m
_____________ i
binary alloys are  given in Tables 25 and 26. For comparison,
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TABLE 25
Analysis of zirconium and binary alloys investigated
Alloys At;%
Mo O2 n 2 h 2 Hf F r  e Others
Zr 0 . 1 1 0 . 0 1 0.006 2.4 0.05
Zr-5% Mo 4.6 0 . 1 1 0 . 0 1 0.003 2.4 o o CJI Al, Ti, Sn, Ni, Cr
Z r - 6% Mo 6 . 0 0.16 0 . 0 2 0 . 0 0 2 2.4 0.05 0.01-0.05
Zr-7% Mo 7.3 0.13 0 . 0 2 0.0015 2.4 0.05
TABLE 26
Duplicate gas analyses
• ,m - ......... .
Alloy At.% 0 2 N2 H2
Zr-5% Mo 
Z r- 6% Mo
0 . 1 2  0 . 0 1 0  0 . 0 0 2  
(AERE)* 0.10 0.008 0.0004 
0.18 0.017 0.002 
(AERE)* 0.14 0.020 0.0018
* As indicated, these are  A E R E  resu lts; they however support 
consistent internal resu lts  obtained by Wach (see, Acknowledgements).
-.- -- - ........... ..................................... .................... i
the pick-up of gases after heat treatm ent of a 3% Mo binary is 
submitted in Table 2 7 . 9
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TABLE 27
Gas analyses of Zr-3% Mo before and after heat-treatm ents 9
° 2  N2 H2
3% Alloy based 
on sponge Zr„
Before H.T. 
After H.T.
0.15 0.007 0.003 
0.14 0.007 0.011
3% Alloy based 
on van Arkel 
Zr.
Before H.T. 
After H.T.
0.03 0.007 0.009 
0.03 0.007 0.106
4.1 .2 .  T ernary  Alloys
The ternary  alloys investigated were based on as-received 
binary alloys. The aluminium additions unlike the binary addi­
tions were given as atomic per cent. Alloys were sim ilar in 
appearance to the rem elted 7% Mo binary. Tables 28 and 29 
give the data on these alloys.
TABLE 28
Hardness, diffraction and metallographic data on as-received  
ternary  alloys containing aluminium
Hardness
Nominal Composition V. P . N. Phases P resen t
Zr-5% Mo-1. 5% Al 368 u3 , plates
Zr-7% Mo-1% Al 330 ft , w , O p ia te s
Zr-7% Mo-3% Al 309 ft , relatively few ft
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TABLE 29
Analyses of as-received  te rnary  alloys containing aluminium
Nominal Composition Spectro. Analyses Based on Binary Standards 
Mo Al
Zr-5% Mo-1. 5% Al 
Zr-7% Mo-1% Al 
Zr-7% Mo-3% Al
4-5 2 *1 0 .01-0 .5  Fe 
6-7 1 / o th e r s ^  0 . 0 1  
6-7 3 J
4.2.  OTHER MATERIALS 
Other m aterials include: -
1 Molybdenum sheet used to wrap heat-treatable specimens in 
sealed silica tubes
2 Zirconium chips employed as getter in sealed silica tubes
3 Niobium suspension w ire (Figure 54, page 321).
4 C lear silica  and pyrex tubes
5 M ercury
6 Hydrogen supplied in a com m ercial tank.
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5. A P P A R A T U S
5.1. H .F. VACUUM FURNACE AND HYDROGEN INTRODUCTION 
TRAIN
The assem bly shown in Figure 53 (page 320) consists of a vacuum 
system , a glass vacuum cylinder inside an H.F. coil (Furnace unit), 
a hydrogen purification tra in  and a storage flask; the la tte r se c ­
tions together form  the hydrogen introduction tra in . The vacuum 
system  consisting of a Model LS. 160 single stage Edwards m echa­
nical pump and a single stage mercuhy diffusion pump is capable 
of holding better than 1. 8 x 10"® mm Hg.over night. A cold trap  
is positioned between the furnace and diffusion pump. For conve­
nience, the construction details of the vacuum furnace and the 
hydrogen introduction tra in  are  shown separately (Figures 54 and 
55,page 321).
The furnace unit (Figure 54, page 321), is a glass vacuum cylinder 
used in conjunction with an H .F .coil,C . The form er, a clear silica 
tube, is provided with a stopper F whose suspension rod supports 
the niobium wire L and the specimen M; it is also provided with 
a pyrex w ater jacket, J . The stopper shown bears two tungsten 
thermocouple leads through a glass-to-m etal seal, G, a suspension 
-rod'and thermocouple guides,H . An alternative* and much sim pler
* Reasons for these alternatives a re  discussed in P roblem s of 
Development, page 168
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stopper (without guides or leads) is available. The m ercury vessel 
N is connected to the working chamber by the tap O. The tap E 
serves to drain the m ercury from  the working chamber after the 
quenching operation.
The principle of high frequency (H.F.) heating is well established 
and need not be dealt with in detail here. The passage of high 
frequency current in a coil (generally made of copper tube to 
ca rry  cooling water) such as shown in Figure 54, generates a 
field which in turn produces eddy currents in any m aterial placed 
within the field. The heat generated is greatest for conducting 
m aterials such as m etals. Consequently, the g lass-w are is least 
heated, such heat as generated or radiated from  the specimen be­
ing dissipated by the water jacket. Obvious advantages in r e s o r t­
ing to this type of heating are: -
1 Minimum danger of contamination.
2 May be used conveniently with vacuum.
5.2.  PROBLEMS OF DESIGN (Vacuum chamber)
f tThe presence of hydrogen sensitive features (such as ^ ) in 
phase transform ations require both the exclusion of hydrogen 
sources and controlled introduction of hydrogen if a proper study 
is to be m ade. It is the form er requirem ent which leads to the 
use of H .F .heating  and vacuum in conjunction with m ercury quen­
ching. There a re  however design as well as development problem s, 
some of which a re  discussed below.
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5.2.1.  Size R estrictions
It is obvious that the inner diam eter of the coil lim its the overall 
diam eter of the working chajnber plus water jacket. The water 
inlet D (Figure 54) which extends only slightly beyond this r e s tr ic ­
tion may only be extricated by tilting the whole tube. The same 
restric tion  is  responsible for not integrating the taps E and O 
with the vacuum chamber
To minimise the danger of deterioration by radiated heat, the 
actual wall of the vacuum chamber is constructed from  silica 
glass while the outer wall (i.e .w ater jacket), the neck and stop­
per are  fashioned from  pyrex which is much easier to work 
during the construction of the unit.
5.3.  PROBLEMS OF DEVELOPMENT (Vacuum furnace)
Efforts to get the unit functioning satisfactorily  are  perhaps more 
related to design than the actual experimental procedure. These 
may therefore be discussed in this section.
»
5 .3 .1 . The M easurem ent of Tem perature
Continuous recording of tem perature is clearly  desirable and 
has been successfully employed in a sim ilar furnace by Hatt 
and R oberts.H  A few te s ts  were run with various earthing con­
nections when it was suspected that the H .F .field  was causing 
e rra tic  actuation of the recorder pen. Neither these nor subse­
quent tr ia ls  with a potentiom eter proved successful. Thus the 
type of stopper with thermocouple leads and guides (shown in
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Figure 54, page 321) was replaced with one having only a suspen­
sion rod and the tem perature m easured by simultaneous reading 
of an optical pyrom eter and potentiometer (the la tte r switched on 
immediately after shutting off the H.F. machine). This perm itted 
the power control of the machine to be calibrated- Thus even when 
the furnace became fogged (after 3 hours at 1000°C or higher) by 
the deposition of m etal vapour and with the consequence that the 
pyrom eter reading was inaccurate, the tem perature of the speci­
men was known to within 15°C of the normal pyrom eter reading. 
Although not very accurate, this method was felt to be adequate 
for solution treatm ent purposes in a wide p  field.
5.3.2.  The M easurem ent of P re ssu re
The insertion of a cold trap  between the vacuum chamber and 
the ionisation gauge, which was situated over the m ercury pump 
and not the vacuum chamber, ensured that the p ressu res  within 
the chamber were at least close to if not identical with reg istered  
p ressu res . The vacuum system  was capable of maintaining better 
than 1 . 8  x 1 0 “ 6 mm Hg over night.
5.3.3.  Quenching
M ercury while having the desired quenching properties is heated 
once it en ters the field of the H .F. coil (see principle of H.F. 
heating on page 217), It was possible to minimise this problem 
either by lowering the specimen to the bottom coil — and this is 
done at the expense of lowering the efficiency of the coil — so 
as to reduce the length of tim e the rising m ercury would be
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exposed to the field; or (if the specimen is positioned higher in 
the middle of the coil) by shutting off the machine immediately 
the m ercury reached the bottom coil. There was no noticeable 
advantage in one method over the other.
5.4.  HYDROGEN INTRODUCTION TRAIN
Details of the hydrogen introduction tra in  are  shown in Figure 
55. It consists of a purification tra in  and a storage flask I 
which is connected directly to the H .F. vacuum furnace via the 
outlet G and the tap E (this tap although not indicated here is 
shown in Figure 54 as belonging to the furnace unit). Hydrogen 
from  a tank enters the purification tra in  via the inlet E and the 
three-w ay tap O. A bubbler is supplied to indicate a satisfactory 
flow. It then passes through the back-up bottle N and sulphuric 
acid bottle M. Purification by an externally heated palladium 
tube K (see, J  and L in Figure 55, page 321) enables the hydrogen 
to reach the storage flask I via the tap D while the by-pass tap 
P is closed. The sm all tap shown near the flask  opens to the 
atm osphere and may be used to connect a p ressu re  gauge to 
the system . Hydrogen from  the storage flask enters the vacuum 
chamber passage G. Although the oil manometer, A, was 
eventually not used (see 5 .4 .1 .), the m ercury manometer B is 
useful both in indicating the p ressu re  of hydrogen in the storage 
flask and also the point at which the specimen in the working 
chamber could absorb no more hydrogen. Evacuation of the 
system  is made possible by opening the taps H, D and the by­
pass tap P .
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5 .4 .1 . F acto rs in Development
The initial plan was to incorporate p ressu re  apparatus by which 
the amount of hydrogen absorbed by the specimen might be m ea­
sured directly, hence the oil and m ercury manometers and the 
litre  storage flask. However, after encountering design and 
development difficulties it was decided to determ ine the amounts 
of hydrogen in the specimen by gas analysis.
To conclude this lis t properly, it should be mentioned that 
most of the heat-treatm ents and examination of specimens were 
ca rried  out on standard laboratory equipment which need not 
be described.
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6 . E X P E R I M E N T A L  P R O C E D U R E
6.1. SPE CIMEN PREPARATION
Metallographic specimens in the form  of disks 2 mm thick were 
obtained by sawing gently to m inimise surface oxidation and 
w ork-har denning.
For the purposes of X -ray  diffraction, wire specimens were ob­
tained by sawing with a fine-tooth saw. It was found convenient 
to saw vertically  making a grid pattern and then cutting off 
short lengths to produce la ths^/1 . 5 mm sq0x 10 mm. These 
were secured in a vice at one end and gently fashioned with a fine 
file into round w ires 1 mm in diam eter.
Both the m etallographic and w ire specimens were washed 
f irs t in a solution of n itric  acid followed by an alcohol rin se . 
After drying with an a ir blast, they were stored in a desiccator.
6.2.  £ SOLUTION-TREATMENTS
6.2.1.  Solution-Treatm ent in Static Vacuum
The general aim s of ^ treatm ents described below were to :-
1 P rep are  specimens for subsequent ageing treatm ents .
2 Investigate the effect of quenching inconsistencies on the 
decomposition of p  .
3 Investigate the effect of varying solution tem perature and 
treatm ent durations on the decomposition of .
4 Examine the effects of 2 and 3 on the disposition of the p 
plate-like precipitate and also upon etch pit form ation.
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Two to five pairs of specimens (disks and wire) were wrapped in 
molybdenum foil and placed in clear silica tubes along with some 
zirconium chips. The tubes were f irs t necked down, d e g a s s e d ^ G S  
and then sealed under vacuum better than 1.5 x 10“ 6 mm Hg.
Solution treatm ents of 3 minutes to 24 hours at 1000°C and 1200°C 
were followed by quenching in w ater, the capsules being crushed 
on entry in order to effect a fast quench. Specimens intended for 
the main ageing treatm ents were generally treated  at 1000°C for 
an hour before quenching. They were then cleaned by washing in 
a solution consisting of n itric  acid, hydroffouTic acid and glycerol.
6 o 2.2 o p  Solution Treatm ent in Dynamic Vacuum.
By employing dynamic vacuum, it was intended to :-
1 Examine grain growth characte ristics and to attem pt the 
growth of coarse grains for single crysta l work with X -rays.
2 To observe therm al etching.
3 To observe the presence or absence of p upon the elimination 
of hydrogen sources.
4 To further examine the decomposition of |5 upon quenching.
Using the furnace in conjunction with the m ercury vessel, (Figure 
54, page 321), a specimen was suspended by a niobium wire in 
such a way that it hung half way down the centre of the H .F .co il.
Grain growth treatm ents consisted both of cycling between 750°C 
to 1200°C for 4 hours and holding at 1000°C and 1250°C for 1, 2,4
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and 6 hours. These experim ents also served the aim s 2, 3 and 4. 
The vacuum maintained was better than 1. 5 x 10"® mm Hg. The 
following procedure was adopted for quenching. At the appro­
priate  moment the system  was isolated and the tap O (Figure 54, 
page 321) was then opened to let in the m ercury from  the m ercury 
vessel. When this reached the level of the bottom winding of the 
coil, the H .F. machine was switched off. The specimen was sub­
m erged alm ost immediately afterw ards and the consequent de­
lay in quenching was certainly ho longer than the delay caused 
by the usual manual tran sfer of encapsulated specim ens. To 
compensate for the slight cooling of the specimen during the 
r ise  tim e of the m ercury, the power was turned up slightly be­
fore beginning the quenching operation in such a way that the 
m easured tem perature of the specimen was 1000°C just p rio r 
to the point of im m ersion. The specimen was retrieved by 
allowing a ir  into the system  and dislodging the stopper of the 
furnace. By careful manipulation it was possible to disengage the 
vessel and empty the furnace of m ercury with the tap E .
6 .2 .3 . Solution T reatm ent with Hydrogen Additions
Following the elimination of hydrogen sources in the experim ents 
just described, the logical step was to introduce hydrogen and 
examine both the distribution of f t  and decomposition of in the 
quenched as well as aged alloys.
Hydrogen at about 2mm Hg p ressu re  was introduced from  the 
storage flask  into the furnace containing two specimens, Z r-5  and
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6 % Mo, at 1000°Co With the furnace isolated, the specimens were 
allowed to rem ain at tem perature for another ten minutes before 
quenching with m ercury„ The specimens were examined, cold- 
mounted, polished, chemically etched and re-exam ined.
Binary alloys containing 5, 6 and 7% Mo and a te rnary  containing 
7% Mo + 3% A1 were treated  separately with hydrogen and p re ­
pared for subsequent ageing and gas analysis. Hydrogen at be­
tween 5 and 15 mm Hg was introduced four or five tim es until 
no further absorption was observed„ The specimens were heat­
ed at 1050°C under dynamic vacuum for 40 minutes before the 
introduction of the g as . Heating continued for 5 minutes after 
the last pass of hydrogen, making the total period of exposure 
about 15 minutes before quenching with m ercury.
6 .3 . ISOTHERMAL QUENCH -AGE TREATMENTS
Whole and half slices of water-quenched and cleaned Z r-5 , 6 
and 7% Mo alloys, half and quartered  ^ slices of ternary  alloys 
containing 5% M o-ll 5%, 7% Mo-1% M©, 7% Mo-3% Al, together
r*
with their respective wire specimens (for X -ray diffraction p u r­
poses) were sealed in 0 . 8  cm pyrex capsules under vacuum 
( a/ 1 .  5 x 10“ 6 mm Hg). These were aged for 1 to 40 minutes, and 
1 hour to 7 days at 550, 500, 450 and 400°C in ordinary muffle fu r­
naces. The capsules were carefully quenched in water so as to 
avoid breaking. The sliced specimens intended for metallographic 
examination were then hot-mounted.
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The above ageing operations were followed by sim ilar treatm ents 
at 600, 500 and 450°C of hydrogen bearing  and ’’hydrogen free” 
alloys. These were Zr-5% Mo and Zr-7%^3% Al. Carefully sawed 
specimens weighing about 0.2 g were sealed two at a tim e in 0. 5 
cm .pyrex capsules under low vacuum 10-3 mm H g ) , After ageing, 
the capsules were allowed to air-coo l. One specimen was then used 
for gas analysis*purposes and the other was cold-mounted for h ard ­
ness and m etallographic examination.
6.3 .1.  Cumulative Ageing and Cum ulative-Reversion
Treatm ents
To show that ageing plateau-hardness d isparities are  caused by 
quenching inconsistencies among specimens, a single specimen 
(Z r-6 % Mo) was aged cumulatively at 450°C. Hardness determ ina­
tions were made after successive treatm ents.
Reversion and R etrogression treatm ents (generally perform ed to 
dem onstrate the existence and slope of the m etastable boundary — 
in this instance,the (to +p ) /  boundary) consisted of in te rrup t­
ed ageing treatm ents of single specimens of Z r - 6  and 7% Mo alloys 
r as indicated below: -
* As acknowledged at the beginning of this report, the gas analysis 
was perform ed by courtesy of a colleague. The method employed 
was the Semi M icro Vacuum Fusion gas an a ly s is .262
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1 450°C —* quench —>550°C—^quench —>-500°C—^quench.
2 450°C—^ quench->550°C—>-quench—}-500oC->quench ->
4 50°C-> quench.
6 .4 . HARDNESS DETERMINATIONS
Specimens containing hydrogen additions were cold-mounted. All 
other specimens were hot-mounted. It was assum ed the process 
did not produce any reaction complications with regard  to the de­
composition of f  since the tem peratures involved were not higher 
than 150°C.
Where the specimens were large — i.e.whole and half specimens 
of 5, 6 and 7% binaries — ten im pressions were taken across the 
polished and etched surface with the V ickers Hardness T este r. 
Sm aller specimens received only five im pressions. The load 
used was 1 0  kilos.
6 .5 . X-RAY DIFFRACTION TECHNIQUES
The chief aim s of employing the D ebye-Scherrer method with 
wire specimens were to: -
1 Identify (I decomposition phases
2 Examine line intensities and deduce amounts of phases
3 Determ ine the lattice param eters of observed phases
6 .5 .1 . P reparation  and Mounting of W ire Specimens
The preparation of w ire specimens for diffraction purposes was 
perform ed in two stages. Having previously heat-treated  roughly
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fashioned w ires (see section 6 . 1 .,page 172), the final reduction 
to size was achieved by careful etching in the usual hydrofluoric - 
n itric  acid-glycerol m ixture. This final reduction had the advan­
tage of removing any surface oxide skin that might have form ed 
during the quenching operations. While a diam eter of 0. 5 mm or 
less could easily be obtained it was m ore difficult to maintain a 
uniform circu lar section. This difficulty was found to be entirely 
dependent on the initial mechanical preparation of the lath p rio r 
to heat-treatm ent, and could be eliminated if this stage received 
proper attention,, Etching the w ire too thin — 0.25 mm —
was apt to cause a slight curvature which made mounting and 
centering difficult. Very thin w ires also lengthened the exposure 
time by as much as 4 to 6 hours depending on whether the speci­
men was quenched or aged.
A 9 cm Hilger cam era was employed; using the D ebye-Scherrer 
method with w ire specimens, diffraction pictures were obtained 
for quenched and aged specimens of binary (molybdenum) as 
well as te rnary  (molybdenum-aluminium) alloys. In addition,pic­
tu res of quenched pure zirconium were obtained. Exposure time 
was 2 hours (using copper radiation with a nickel filter) for all 
specimens although for quenched specimens, 1 hour would have 
been adequate.
6 .5 .2 .  Choice of Radiation
It is custom ary to select a target which gives radiation of wave­
length slightly g rea ter than the absorption edge of the m aterial
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to be studied. Under these conditions the production of secondary 
radiation with resultant high background intensity on the film  is 
m inimised. Ideally, the diffraction pattern should contain a strong 
reflection at a high Bragg angle in order to obtain accurate lattice 
param eters . Molybdenum K alpha radiation, having a wavelength 
slightly g reater than the value for the absor^jtion edge of zirconium, 
is suitable for zirconium. It, however, had to be rejected in favour 
of copper or cobalt in view of the fact that the alloys being studied 
contained molybdenum. Copper K alpha radiation used in conjunc­
tion with a nickel filte r was found to produce good pictures. The 
background level, not unduly serious even in pictures of aged 
specimens, could be cut considerably by keeping a paper screen 
over the film .
6.5.3 .  P rocessing  of F ilm s
Ilford "G", a faste r film  than Ilford "C” was found to be more 
satisfactory . After a 2 hour exposure the film was processed for 
5 minutes in D19b developing solution followed by a 15 minute 
fixing in acid hyposulphate solution. After fixing, the film s were 
washed in cold running water for about 2 hours and then hung to 
dry.
6.5.4.  Phase Identification and Line Intensities
The single phase cubic pattern  occurring for all quenched alloys 
was easily identified. Following this, a visual examination of 
line intensities was made, an a rb itra ry  standard of 1 0  units being 
allotted to the most intense line .
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Hexagonal lines from  pure zirconium were indexed on a Bunn 
ch a rt.
With the aid of the all-cubic pattern of quenched alloys and the 
all-hexagonal pattern of pure zirconium, it was possible to iden­
tify and index uo and lines in pictures representing mixed 
phases.
6 .5.5.  Lattice P aram ete r Determ inations
In a well designed D ebye-Scherrer cam era, using a specimen 
free from  eccentricity, the only system atic e r ro rs  in line peak 
position are  th.ose due to divergence of the X -ray beam from  a 
finite focal spot and the absorption of the rays by the specimen. 
These e r ro rs  can be eliminated by suitable extrapolation of a0  
to the highest angle possible which is 90° by employing the Nelson 
Riley function. When high angle lines are  not present (as is the 
case for to , aged ^ and ),then functions such as sin^ 0  or 
cos2@ are  equally adequate.
Taylor and Floyd264 point out that the same method can be em ­
ployed for hexagonal la ttices if reflections of the type hkiO and 
0001 are  available. For zirconium, the a0  param eter can be de­
term ined from  the reflections (3030), (2130) and (2020). The 
reflection (3030) occurs at about 73°, a fairly  high Bragg angle, 
although for very accurate m easurem ents an angle of g reater 
than 80° is desirable. Where the absence of these suitable r e ­
flections make it im possible to employ the easie r method just
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described, a0  and c0  for hexagonal structu res may be obtained by 
solving simultaneous equations as indicated in the Appendix C . 
Better still, recently the solutions have been obtained by compu­
te r  and have been made available in T ables.265,266 The use and 
advantage of these Hexagonal Tables are  discussed in the Appen­
dix C.
Film s were m easured with a vern ier sliding ru ler accurate to 
0.005 cm . The line under scrutiny was approached twice from  
either side (this reduces subjective e rro rs), the m easurem ent 
recorded being an average of four readings. The centres of the 
two punched holes were located carefully by averaging the d is ­
tances between two p airs  of lines on either side of the holes.
Standard methods of calculation were satisfactory for cubic 
lines. However, for to and aged od lines use was made of the 
hexagonal tables described in the Appendix C. The tables for fc> 
were specially assem bled since the existing ones do not cover 
the range for this phase.
6 . 6 . METALLOGRAPHIC TECHNIQUES
6 .6 .1 . Mechanical Polishing
The initial preparation of alloy surfaces following mounting was 
by hand polishing on grade 1 /0 , 2 /0  and 3 /0  grade emerafy paper.
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6 .6 .2 . Chemical Polishing and Etching
Mechanical polishing was apt to cause surface flow and it was 
generally found necessary  to complete the preparation of s u r ­
faces by chemical polishing. This was done by im m ersing the 
specimen in acid mixture of 1 part hydrofluoric acid, 3 parts  of 
n itric  acid and 6 p arts  glycerol for about 5 seconds. Further 
im m ersion beyond the polishing attack produced an etched su r­
face. It proved necessary  to prevent brown fumes of nitrous 
oxide forming as the resu lt of attack by employing frequent 
fresh  solutions.
6 .6 .3 . E lectrochem ical Polishing and Etching 
(Form ation of etch pits)
The electrochem ical process was employed to attempt: -
1 A determ ination of the orientation relationship of $ and 
m atrix by etch-pit form ation.
2 The improvement of polishing and etching of zirconium - 
molybdenum alloys; particu larly , those subjected to long 
ageing p eriods.
3 The physical extraction of p for purposes of d irec t identi­
fication by X -ray  diffraction.
A few electrolytic polish-etch techniques were investigated 
using a Shandon 6510 electropolishing unit. Since the e lec tro ­
lyte unit was made of g lass, the use of hydroflouric acid was 
considered undesirable. The best resu lts  were finally obtained 
with an electrolyte based on the Rem -Cru Titanium form ula
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used by Margolin and Ence.267 The composition of the e lec tro ­
lyte was as follows: -
TABLE 30
Composition of electrolyte
90 Ml Ethyl Alcohol
10  ml Butyl alcohol
6 g Aluminium chloride
28 g Zinc chloride
The specimens were polished and etched in the unmounted con­
dition over an a rea  of 0. 5 sq cm. The conditions and tim es of 
polishing and etching are  shown in Table 31.
TABLE 31
Electro-polishing and etching conditions
Voltage
B.C.
Pumping
speed
setting Time (sec)
Tem perature of 
electrolyte, °C
Polishing 3.8 2 0 80 35
Etching 4 .0 20 18.25 35
6.6.4.  E tch-P it Form ations
E tch-pits were found under very restric ted  etching conditions 
using the Rem Cru electrolytic etch. A se rie s  of te s ts  were then 
carried  out to determ ine the best conditions under which the 
alloys would show greatest contrast and yield maximum inform a­
tion. The norm al prelim inary electrolytic polishing procedure
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was followed with variations in the tim e of etching and etching 
curren t. These variations a re  given in Table 32.
TABLE 32
Electroetching conditions
Etching
volts Time (secs)
Motor speed 
setting
Current
amps
4 .0  • 30 30 0.015 R1
4 .0 15 30 0.015 R2
4 .0 10 30 0.04 R3
6 . 0 15 30 0.04 R4
6.7 . EXAMINATIONS WITH THE OPTICAL MICROSCOPE
The irresolvability  of at optical microscope magnifications 
and the absence of ©^martensitic products in the compositions 
under investigation makes’ the chief aim of examination f) -—  
its size, distribution and morphology changes during ageing.
6 .7.1.  The Size of p P la tes (Polarised Light)
A simple perspex jig was employed to support and fix a cylindri­
cal specimen 1 cm long. Locking was achieved with the aid of 
two pins which were inserted through holes in both the jig and 
the specimen, the la tte r in situ. The specimen could be removed 
and re inserted  easily while the jig itself rem ained clamped to 
the stage of the m icroscope. The specimen most studied was a 
6 % Mo alloy, solution-treated at 1200°C for 2 hours and quench­
ed in w ater. By marking the surface with a hardness indentor,
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it was possible to etch cumulatively and deduce the relative depth 
of the plates in the same area* Successive photos were obtained 
with a 35 mm L&i&a cam era mounted on the m icroscope. The use 
of polarised light required long exposure tim es (> 35  sec). The 
main difficulty encountered was locating an a rea  whose plates 
were only barely visible underneath the surface in order to ob­
tain a fa ir number of successive etches.
6 . 7 .2 . Morphology Changes: (Bright F ield Illumination)
n f/The shape and distribution of p plates in quenched specimens
i *
were examined. The specimens were either hydrogen free, w ater- 
quenched or bearing up to 3 at. % hydrogen.
A / /The changes in morphology, in particu lar those of p , prompted 
by ageing were carefully examined.
Features such as etch-pits, grain growth and vacuum etching 
effects were also noted. Photom icrographs were obtained with a 
Bausch and Lomb metallograph.
6 . 8 . ELECTRON MICROSCOPE TECHNIQUES
The Akashi Franscope is designed for an accelerating voltage of 
only 20 kV. It is  thus mainly suitable for examination of rep licas. 
Employing the norm al procedure of specimen preparation and a 
Bex film  - carbon - replica technique, quenched and aged specimens 
were examined at 4000,12, 000 and 20, 000 magnifications. The r e ­
sults proved of lim ited value and a re  consequently not submitted.
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7. H A R D N E S S  R E S U L T S
7.1 . AS -QUENCHED HARDNESS
The as-quenched hardness for some individual specimens as well 
representative values for the rem ainder of the alloys investigated 
a re  listed in Appendix E. These values represen t the arithm etic 
mean and largest scatter derived generally from  10  im pressions; 
although for the sm aller specimens belonging to the ternary  
alloys, the number of im pressions was 5. Except for binary 
alloys which were solution-treated at 1200 and 1250°C,the 
values shown are  the resu lt of quenching capsules in water from  
1000°C. The mean as-quenched hardness, without the details l is t­
ed in the appendix, a re  given in Table 33. These show the effects 
of composition, tem perature and solution-treatm ent tim e.
7 .1 .1 . The Effect of Composition on As-quenched H ardness
Results for the water-quenched binary alloys in Table 33 are  
superim posed on the established quenched hardness/com position 
curves^-12 (Figure 56, page322 ). Those for the ternary  alloys 
are  plotted separately (Figure 57,page 322).
The resu lts  for the binary alloys axe easily recognised as approach­
ing (3) in the range, peak-hardness composition (2) and the c r i t i ­
cal composition (3) of the corner in sert (Figure 56, page 322). 
As-quenched hardness values for 5, 6 and 7% Mo alloys are  330,312 
and 302 V.P .N. respectively . The resulting hardnqss/com position 
curve has a negative slope which begins to change in the neigh­
bourhood of 7% Mo and is consistent with the findings of other investi- 
gators^jlO  for Zr-M o in particu lar and ft stabilising zirconium
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alloys, such as Zr-NbH>13 an(j Z r-V ,H  in general. The compo­
sition at which there is an inflection is however different for 
different alloy system s (See section 2 .2 0 .1 .and Figure 22,page 
296 ). It is estim ated that the quenching ra te  achieved by manual 
transfer and crushing the capsule in water is 500-1000°C/sec. 
This is a higher ra te  than the 120°C /sec reported by Miodownik 
and E liasz. Their resu lts  though properly high in the narrow 
range of compositions investigated are  generally ra ther high for 
lower compositions (Figure 21, page 296). The oxygen content of 
the ir m aterial after heat treatm ent must therefore be high. In 
support of this belief, it may be observed that the iodide z irco ­
nium -based alloys of Domagala yield lower as-quenched hardness.
For the ternary  alloys, there are  four important observations:-
1 The addition of 1% A1 to the 7% Mo binary decreases the 
hardness (from 310 to 291) — i.e .th e  slope of the h a rd n ess / 
composition curve is still negative.
2 Further aluminium additions (up to 3% Al), do not affect the 
hardness.
3 The addition of 1. 5% Al to a 5% Mo binary (a fact recorded 
in Table 33 but not plotted in Figure 57) increases the hard ­
ness considerably from 330 to 350. Aluminium thus produces 
a hardening effect on the low composition side of 7% Mo (i.e. 
within the range 2-3, Figure 56,page 322), and a very limited 
softening on the high composition side .
4 The sca tte r in the ternary  alloys in only ± 2 V .P .N .as com ­
pared with +7 for the binary Zr-M o alloys.
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7 .1 .2 . The Effect of Solution T em perature and Time on
As-quenched H ardness
Altering the solution tem perature while well above the (c*’ + P ) / f i  
boundary does not introduce any significant change in the hardness 
of quenched binary alloys investigated, if during the treatm ent, con­
tamination from  oxygen and nitrogen sources can be kept at a to le r­
able levelo The as-quenched hardness values in Table 33 show that 
quenching a capsule of a 6 % Mo alloy in water after an hours t r e a t­
ment at 1000 and 1200°C causes no significant change in the tra n s ­
formation behaviour. The high hardness (350 V .P.N .) of an encap­
sulated specimen quenched in w ater after hours at 1200°C is 
believed to be caused by oxidation since a sim ilar treatm ent in 
dynamic vacuum yielded the norm al hardness of 310 V.P.N.
It is c lear from  the above observation that the one effect of the 
duration of solution treatm ent is to enable gaseous contamination 
to penetrate the specimen. While an hour at 1000 and 1200°C 
cause no serious contamination (as evidenced by the hardness 
values of 312 and 314 respectively), 6 |  hours at 1200°C in a c lear 
silica capsule does cause serious contamination. When the con­
tamination level is kept low, it can be assum ed that solution tim e 
does not affect the quenching transform ation behaviour, at least 
to the extent detectable with m acro-hardness testing.
7. 2. THE INFLUENCE OF HYDROGEN ON THE AS- 
QUENCHED HARDNESS
For convenience, a specimen may be regarded as ”hydrogen-free” 
if it contains a maximum of 0 . 2  at.%  as found in water-quenched
190
specimens (see the hydrogen analyses givensppm(wt) and at.%^in 
Table 34). Specimens which were solution-treated in dynamic 
TABLE 34
The effect of hydrogen on the hardness of quenched binary and 
ternary  alloys investigated (see Table E2 in The Appendix E)
Alloy Treatm ent H2 at.%; ppm(wt)
| Hardness 
V.P.N.
Zr-5% Mo Held at 1050°C in 
dynamic vacuum 
for 40 m in0and 
m ercury quenched.
0.03 3 325 •
Zr-5% Mo Held at 1000°C in 
dynamic vacuum 
for 1 0  m in.and 
m ercury quenched.
0.072 7.8 328
Zr-5% Mo Previously holding 
5-10 mm Hg of hy­
drogen. Now held 
at 1000°C in dyna­
mic vacuum for 10  
m in.and m ercury 
quenched.
0.050 328
Zr-5% Mo Held at 1000°C for 
1 h r. in a capsule 
and water quenchedg
0.164 18 330
Zr-5% Mo Previously treated  
at 1000°C in dyna­
mic vacuum. Now 
held at 1000OC in 
capsule and water 
quenched.
not analysed
.
330
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TABLE 34 (cont’d)
Alloy Treatm ent H2 at.%; ppm(wt)
Hardness
V.P.N.
Zr-5% Mo 
Zr-5% Mo
Held at 1050°C in 
H2 at 5-10 mm Hg 
for 15 min and 
m ercury quenched. 
Held at 1050°C in , 
H2 a t 10-15 mm Hg 
for 15 min and
not analysed 342
m ercury quenched, 3.3 360 362
Zr-7% Mo-3% Al Held at 1000OC in a 
capsule for 1 hr 
and w ater quenched.
not analysed 292
Zr-7% Mo-3% Al Held at 1050°C in 
H2 at 10-15 mm Hg 
for 15 min and m e r­
2.9 320 345
cury quenched.
1
vacuum and quenched with m ercury contain 0.07 at.% hydrogen 
or less also fall within this definition, though they might be con­
sidered as a special case. The water-quenched hardness values 
of the alloys investigated are  also included (see Table 33). The 
influence of hydrogen on the quenched ft hardness for the 5% Mo 
binary is plotted in Figure 58, page 322 . The re su lts  clearly  in ­
dicate that the introduction of large amounts of hydrogen causes
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a noticeable increase in the as-quenched ^ hardness. Sim ilarly 
the ternary  alloy containing 7% Mo and 3% Al which analyses,
2.9  at.% H2 yfcdlds a hardness of 345 as compared to 292 V.P.N.when 
it is hydrogen - f re e . The enhancement of quenched $ hardness 
thus affected by the introduction of hydrogen is opposite to the 
general effect produced by increasing the substitutional solute 
content.
7.3 . AGED HARDNESS OF WATER-QUENCHED ALLOYS
7 .3 .1 . Binary Mo Alloys
The hardness values obtained upon ageing treatm ents at 550,
500, 450 and 400°C for durations of a few minutes to a whole 
week (Figures 59-62, page 323 ) are  listed in Appendix E.
The main observations enum erated below are  in general ag ree­
ment with the ageing behaviour of z ir c o n iu m 9 “13,228 an(j ti ta ­
n iu m ^ ,16 alloys which form  eo .
1 An early  r ise  to a peak-hardness generally higher (50- 
100 V .P.N .) than the peak hardness attainable in the a s- 
quenched hardness/com position curve.
2 A plateau-hardness level (determined by the initial peak 
mentioned in (1)) which varies with tem perature, com posi­
tion and tim e.
3 Minor inflexions at plateau hardness level*
* Cumulative ageing of single specimens indicate that most of 
these minor inflexions a re  caused by quenching inconsistencies 
following solution treatm ent (see page 19$.
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4 A final drop in hardness after prolonged ageing tim es which 
is quite precipitous at interm ediate tem peratures, i.e . below 
5Q0°C.
The aged hardness values for any one alloy composition demonr 
s tra te  the existence of a maximum plateau hardness in the tem ­
perature range of 400-45Q°C. Below this range, the transfo rm a­
tion is so slow that the tim e for the appearance of this maximum 
is beyond the ageing tim es recorded; while above it, there occurs 
a progressive diminution of the plateau hardness. For a Z r - 6% Mo 
alloy aged at 550, 500, 450 and 400°C, the respective plateau hard ­
ness values a re  370,439,457 and 468 V .P .N . Thus the enhance­
ment of plateau hardness, and for that m atter ageing hardness, 
is inversely proportional to the tem perature of ageing as would 
be expected from  general theories of ageing.^3,180
The lowering of plateau hardness by increasing binary solute 
additions a re  very sim ilar to the effect of tem perature on the 
behaviour of an alloy of fixed composition.** (See Figures 6 8 ,
** This observation is however dependent on the absence of 
m artensitic products (i.e .the range of compositions is the 
high composition side of the to peak), for on the low compo­
sition side of the w peak (2. 5% Mo), the behaviour is just the 
rev erse . 11 Since the as-quenched hardness on the low com­
position side increases with solute content, it may be stated 
categorically that the plateau h a rd n ess / composition, tem pera­
ture follow the pattern  of the as-quenched hardness/com posi­
tion relation over both composition ranges — i.e .fo r  the Zr-M o 
system , 0-2. 5% and 2. 5-7. 5% Mo.
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70, page 325)o In turn, these two effects follow a sim ilar trend as 
the as-quenched hardness/com position curve. That the plateau - 
harndess/com position behaviour follows the pattern of the a s -  
quenched/composition curve has been previously dem onstrated 
for Zr-V , Z r-C r, Zr-Nb and Zr-Mo by Hatt and R oberts,** 
Domagala,228 Miodownik and C ollard ,??^
Of the several time-dependence resu lts , three may be mentioned 
as being of particu lar in terest in the ageing transform ation be­
haviour. F irs t, there are  considerable difficulties in fixing the 
beginning and course of transform ation during the initial ageing 
tim es. The hardness values for a Z r - 6% Mo alloy treated  at 
500°C for 3, 5, 20 and 60 minutes extrapolate to a value which 
indicates decomposition on quenching. This is to be expected 
from  the quench-age treatm ent of binary alloys that do not r e ­
tain the P  phase completely upon quenching. The second result 
is the early  (first 10-15 minutes) r ise  of the hardness to a peak 
value. This observation is likewise in agreement with the find­
ings of other investigators for ^-zirconium 9“13,228 as we^  ag 
other ageing s y s te m s ^ ,180 in which the incubation period is 
very short. A th ird  feature is that the time during which the 
high plateau hardness is maintained varies inversely with tem ­
peratu re . For a Zr-5% Mo binary, the tim es for 550, 500,450 
and 400°C are  respectively 1,15, 72 hours and^ 1 week.
General kinetics of the ageing process is based on the relative 
stabilities of the phases in question and there a re  no unusual 
factors in the reaction ra tes  for the binary alloys. The slower 
decomposition ra te s  which yield longer periods of high hardness
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in the ternary  alloys although commented upon la ter in the d iscus­
sion (pages 206, 258), may be sim ilarly  attributed to the relative 
stabilities of the phases in question.
7 .3 .2 . T ernary  Alloys
T ernary  alloys containing aluminium may be conveniently divided 
into two groups — (a) partially  stabilised |3 alloys (i.e.-C 7% Mo 
binary base) such as the 5% Mo-1. 5% Al ternary  and (b) highly 
stabilised S alloys such as the 7% Mo-1% Al and 7% Mo-3% Al 
ternary  alloys. The resu lts  may be enumerated as follows: -
1 For both partially  stabilised and highly stabilised ternary  
alloys, aluminium induces higher plateau and ageing hardness 
than the binary base. The plateau hardness of the 5% Mo-1. 5% 
Al ternary  at 500°C is 452 V .P.N ,com pared to 439 V .P .N .for 
the 5% Mo binary. Sim ilarly, the plateau hardness for a 7% Mo- 
1% Al is higher than that for the 7% Mo binary.
2 The plateau hardness increases with aluminium but in a non­
linear fashion (Figure 69, page 325); a limiting value is approa­
ched at about 480 V .P .N .for between 4 and 5% Aluminium in
a Zr-7% Mo binary base.
3 The relation between the plateau hardness and tem perature 
is s im ila r to that for the binary alloys (Figure 71, page 325) 
except that the hardness is higher in the aluminium te rn a rie s .
4a The tim e-position of the plateau hardness for the partially  
stabilised f t 5% Mo-1. 5% Al ternary  is sim ilar to that of the 
binary alloys — i.e . it is such that extrapolation indicates that 
at the beginning of ageing, the f$ had already undergone some 
decomposition.
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4b The tim e-position of the plateau hardness for the highly
stabilised 7% Mo-1% Al and 7% Mo-3% Al ternary  alloys 
indicate a much slower kinetics and the possibility of a sm all 
incubation period (about 3 min for the 7% Mo-3% Al ternary) 
preceding the 0 o ~~>m f t  + tO ageing reaction.
5 The tim e during which the plateau hardness level is m ain­
tained is considerably increased in the ternary  alloys con­
taining aluminium.
7 .4 . CUMULATIVE AGEING AND REVERSION RESULTS
The effect of quenching inconsistencies, such as caused by manual 
tran sfer of capsules into w ater, is  to produce variations in the 
proportions of phases ( § 0  and b)m) coexisting in each specimen 
upon quenching. Upon subsequent ageing of specimens with in iti­
ally different proportions of and Ujm, the hardness values at 
any one tim e may reveal sm all but observable variations. The r e ­
sulting scatter or inflexions in the hardness plot should, however, 
not be mistaken for major phase change inflexions. The hardness 
values for a Z r - 6% Mo specimen cumulatively aged at 450°C show 
a much more constant plateau level of 442-445 V .P.N .in contrast 
to the plateau-hardness d isparities displayed when several speci­
mens are  employed. The resu lts  a re  plotted in Figure 61 on page 
323 . The 550°C ageing curve for a Zr-5% Mo alloy (Figure 59, 
page 323) gives an example of both types of inflexions (see also 
Theoretical Aspects, page 124). The value at 1 hour can be a t t r i ­
buted to quenching inconsistencies while between 2 and 9 hours,
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the inflexion signifies a major phase change.
The hardness resu lts  of retrogression  and reversion  experim ents 
on two specimens (6 % and 7% Mo alloys) are  given below (see also 
Appendix E). Dissolution and re-form ation of fo occur quite rap id­
ly (*W minute). On ageing at 550°C,the hardness of 6 and 7% Mo 
alloys previously treated  at 450°C drop from  458 and 445 to 400 
and 383 V.P.N. A subsequent treatm ent at 500°C increases the 
hardness to 435 and 425 V.P.N .which a re  the norm al ageing 
hardness values for these alloys.
TABLE 35
Hardness resu lts  of cumulative reversion experiments
Alloy Ageing Treatm ent
Hardness
V .P .N .
W ater-quenched 1 . 450°C for 4h 458
Zr~6 % Mo
(see 6M40, ^550°C for 1 min. 420
Table E . l , 550°C for 2 min. 400
page V)?^) (. 550°C for 10 min. 400
3. f500°C for 30 min. 435
[ 500°C for 30 min. 436
W ater -quenched 1 . 450°C for 3 h r. 445
(see 7M37, 2 . C550°C for 3 min. 385
Table E . l , l550°C for 5 min. 383
page y} 3 )
3. 500°C for 2 min. 425
500°C for 2 min. 425
4. 450°C for 5 min. 450
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70 5. THE INFLUENCE OF HYDROGEN ON AGED HARDNESS
The summ ary of ageing treatm ents perform ed on hydrogen bearing 
and "hydrogen free" alloys are  shown together with the ir resp ec­
tive hardness values in Table 36. .
TABLE 36
The hydrogen content and hardness of aged specimens
Alloy
(Ageing)
Treatm ent
Major
Phase
H2 content 
after t r e a t­
ment At. %
Hardness
V .P .N .
Zr-5% Mo, As-quenched* p 0.03 325
H2 -free in vacuo from
1000°C.
Zr-5% Mo, W ater-quenched P 0.164 330
H2 ~free from  1000°C
Zr-5% Mo, 500°C for 15 : V O 0 . 1 2 425
H2 ~free min.
500°C for 1 hr. 0 0 0.19 425
500°C for 8 h rs . I3 0.13 330
Zr-5% Mo + 500°C for 15 L O 3. 3 409
h 2 min.
500°C for 4.9 325
24 h rs .
Zr-7% Mo- W ater quenched P not 292
3% Ah-H2 from  1000°C analysed
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TABLE 36 (cont’d)
H2 content
(Ageing) Major after tre a t­ Hardness
Alloy Treatm ent Phase ment At. % V .P .N .
Zr-7% Mo- 500°C for UJ 3.7 468
3% Al + H2 15 min ,
500°C for 3.6 464
24 h r.
500°C for 3.5 464
80 h r.
* See the complete as-quenched values in Table E
. . — ■■■■- .... ..—- .. ............... "------ ---- ----------- -
. 1
—.............»
The values for the 5% Mo alloys aged at 450 and 500°C are  
plotted in Figure 66  (page 324). The behaviour of the ternary  
alloys (7% Mo-3% Al) is plotted in Figure 67. For the binary 
alloys, the addition of hydrogen reduces the plateau hardness 
slightly (15-30 V .P 0N„) but does not produce any new features or 
changes in the general kinetics of the ageing reactions. Hydrogen 
in the amounts encountered in norm al water quenched specimens 
( i.e .le ss  than 0 . 2  atomic per cent) can therefore be considered 
to produce no significant effect on the general f$ to , $ 0  or o< 
reac tions.
Hydrogen produces a sim ilar effect on the ageing behaviour of 
te rnary  alloys containing aluminium as on the binary alloys in­
vestigated. The lowering of the plateau hardness is, however, 
more marked in the ternary  alloys than in the binary alloys 
(20-40 V.P N.) as compared to 15-30 V.P.N.)
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8 . D IS C U S S IO N  O F  H A R D N E S S  R E S U L T S
8 .1 . AS-QUENCHED HARDNESS OF WATER-QUENCHED
ALLOYS
That the as-quenched hardness/com position curve possesses a 
negative slope in common with f t alloys whose compositions 
lie between the single phase co-peak and the critica l compo­
sition (Figure 56, page 322) is well supported by the findings of 
other in vestiga tors.® " ^ ,178-182,268 q^^e curve is consistent 
with the observations on the quenching transform ations of the 
$  phase — namely, that is the cause of high as-quenched 
hardness and that the proportions of ^  coexisting with jS de­
crease with increase in composition from  the to-peak composi- 
tion0H?14,129 Although a large section of the curve is linear, 
the approach to the critica l composition (*^7o 5% Mo) is 
apparent at 6 % Mo. Comparison with other @ stabilising z i r ­
conium system s — e.g .Z r-N b, Zr-V , Z r-C r — shows that the 
ra te  of approach to, and the position of, the critical compo­
sition is directly related to the solute’s capacity to stabilise the 
phase. This in turn is related  to the relative slopes of the
boundaries (see Theoretical Aspects, sections
2 .5 .2 . and 2 .2 2 02o) 0 The critica l composition for Zr-Mo is 
about 7. 5% as against 16-20% Nb for Zr-Nb (Cp. ( *  + ) / p
boundary slopes, Figures 5,49, pages 291, 307 ).
The hardness values for the binary alloys although some 10-20 
units higher than those reported by Domagala and M c P h e r s o n 2 6 8  
who constituted the ir alloys with iodide zirconium, compare
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favourably with sim ilar m easurem ents by Miodownik and Collard,-^ 
Miodownik and E liasz.9 Extrapolated, the hardness value for the 
us -peak at 2.5% Mo is about 400 V.P.N. The equivalent hardness 
at the c ritica l @>0  composition (7.5% Mo) is 300 V.P.N.
8 .1 .1 . The Significance of Scatter Distribution
Scatter in the te rnary  alloys is only 2 units compared to the 6 - 8  
units in the 5 and 6% Mo binary alloys (Figures 57, 56 page; 322 ). 
To appreciate the significance of this distribution of scatter, it is 
im portant to note the position of the critical composition 
( ^ 7 .  5% Mo) and the fact that individual specimens exhibit a sca t­
te r  that is g reatest on the low alloy side (i.e. 5 and 6 % Mo) and 
least on the high alloy side (7% Mo binary, 7% Mo-1% Al and 7% Mo- 
3% Al te rn a rie s). Furtherm ore, the ternary  alloys which lie on 
the high composition side of the critica l composition possess the 
same hardness value (292 V.P.N.) in spite of the 1 and 3% Al 
additions (Figure 57, page 322 ). These observations suggest that 
ft stabilisation is involved in the quenching transform ation be­
haviour. Crystallographic information by several investigatorsl29, 
178-182 show that mixed phases, °°md anc* occur upon
quenching low composition alloys (see section 2 .20 .1 .). However, 
for high compositions (i.e.^> 7. 5% Mo) only or ( + ^ m d )
occur. If the hardness is constant and the associated sca tte r is 
sm all for two different alloy compositions both containing 
( j£>0  + u>md),then  the hardening process must be attributed 
specifically to tOm b. This deduction is consistent with the c ry s ­
tallographic findings that both the as-quenched hardness/com position
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peak (Figure 20, page 296) and ageing-plateau peak are  associated 
with 3-dimensional co , *^ >mb being the 3-dimensional distribution 
upon quenching. Two questions might be raised . The f irs t concerns 
the apparent absence of a solution effect (i.e .the 3% Al ternary  
might be expected to yield a higher hardness than the 1% Al 
ternary). The second, is why aluminium, a known o£ -s tab iliser 
in binary alloys,4?9,159 should prove an effective f t -s tab ilise r 
in the ternary  system . With respect to the f irs t point, the soften­
ing trend associated with the progressive stabilisation of 0  (with 
respect to U ^b) continues until the composition 7. 5% Mo is 
reached. It is thus possible that the observed hardness for the 
7% Mo-1% Al ternary  rep resen ts a value slightly boosted by a 
minimum amount of ^ mb° Thus to satisfy the second question, a 
solution effect may be expected for aluminium additions in excess 
of 3 per cent.
Now in order to appreciate the chief source of scatter and hard­
ness d isparities, it will prove advantageous to ,recall pertinent 
theory. Reference to the as-quenched hardness/com position 
curve (Figure 20 ,page 296) reveals three c ritica l compositions 
created by obtaining the following phases upon quenching at in­
creasing compositions (section 2 . 2 0 . 1 .):-
U, o(+ m^b? m^b? m^b + Ah Q + m^d or A)
The proportions of £jOmb which induce high hardness, although 
more readily calculated from  the as-quenched hardness/com po - 
sition curve, may be appreciated theoretically by examining the
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interactions of «<MS/  o^Ms (Figure 24, page 297) and the position 
of the toMjn with respect to the tem perature of the quenching 
medium. The assumption here is that quenching is sufficiently 
fast and thorough such that the quenching trav e rse s  the w(Mg - Mjr) 
range without com plications. This is particu larly  necessary  at the 
critica l compositions. The difficulty of achieving an effective 
quench in order to prevent extraneous reactions and kinetics is 
exemplified by the observed deviations (Figure 20a, page 296) 
from  the theoretical curve (Figure 20a)„ Thus quenching inconsis­
tencies may produce slightly different proportions of to in two 
specimens of identical composition. Equally important, the 
problem of heat transfer, no doubt a factor in quenching, within 
a single specimen may create such inconsistencies as to reveal 
a significant scatter in the hardness value. Minor variations in 
composition and contamination would also be expected to lead to 
inconsistencies in the transform ation behaviour. The ternary  
alloys investigated lying to the right of the critical f$0  composi­
tion a re  fully stabilised in $  and therefore contain no to
cause d isparities in their as-quenched hardness.
It is  notable that the scatter for 5 or even 10 im pressions at the 
plateau-hardness level during ageing is no more than 5 units, 
often it is only 2 or 3 compared to the la rg e r sca tte r in quench­
ed binary alloys. This comparison suggests that the plateau- 
hardness is a better criterion  (when critical quenching ra tes
204
are  involved) than the as-quenched hardness in the analysis* of 
the ageing reaction.
i
8 o 1 .2 . Effect of contamination
It is obvious that the high as-quenched hardness (350 V.P.N.) 
of a Z r - 6 % Mo alloy solution-treated at 1200°C for 6 |  hours in 
a clear silica  capsule was caused by oxidation. The duration 
and tem perature of treatm ent could cause the d e c o m p o s i t io n !  61  
of the silica which is not recommended for tem peratures above 
1180°c269o jn support of this belief, the Z r - 6% Mo specimen 
treated  in dynamic vacuum (1200°C for 6 hours) and quenched 
with m ercury gave an as-quenched hardness of 310 V.P.N. (see 
Table 33, page 187 ). Furtherm ore, when a sim ilar vacuum 
treated  specimen was solution-treated again at 1000°C for an 
hour and water-quenched, it gave a hardness of 312 V.P.N.
(See hardness of quenched alloys in Table 33, page 187).
The above discussion would indicate that the chief causes for 
significant sca tte r and d isparities in the quenched hardness
* There is no implication here that this is a general advice 
applying to X -ray  diffraction and metallographic methods 
as well. Indeed the suggestion brings to light the fact that 
while for hardness te s ts  the as-quenched criterion  is less 
suitable, for X -ray  diffraction methods the quenched condi­
tion yields the best p ic tures. The situation clearly  demon­
s tra tes  the need to employ more than one technique for in ­
vestigations.
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values a re :-
1 Quenching inconsistencies
2 Minor variations in composition (not segregation)
3 Contamination, particu larly  from  oxygen so u rces.
It is  believed that quenching inconsistencies are  most responsible 
for the large sca tte r observed in the as-quenched hardness of 
binary alloys investigated. The level of oxygen in the as-received  
m aterial no doubt, also affected the hardness values with respect 
to m aterial of different purity as used by other investigators, but 
is unlikely to account for scatter in the present resu lts .
8 .2 . AGEING HARDNESS FEATURES (WATER-QUENCHED 
ALLOYS)
The features of the ageing hardness curves enumerated ea rlie r 
on page 192 are  fairly  general and well known.9-13,178-812,228 
Increased hardness can be attributed to (O 11*16,129,180 (see 
also Theoretical Aspects, section 2 .19 .2). Since non-coherent 
3-dimensional to is most effective in preventing the movement 
of dislocations, 129,192-194 #  may be assum ed that the optimum 
hardness m arks the attainment of the non-coherent condition 
and that the r ise  to this optimum hardness represen ts various 
stages in the separation of the to and ft la ttices as shown in 
Figure 32 (page 299). The resu lts  of electron microscopy r e ­
ported by Stieglerl97 et al and C routzeillesl96 support this 
view. The plateau hardness extends over several hours at 
medium and low tem peratures during which the to loses solute 
atoms to the ft phase and <x' begins to form.H* 12*129
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8.2 o 1. Incubation Period
Even if the incubation period preceding the ageing reaction is not 
specifically m easured, it is possible to obtain information concern­
ing its presence by extrapolation of the early  ageing hardness and 
by noting the tim e of appearance of the plateau peak hardness. 
Above and near the *oMs tem perature, the nucleation and growth 
of co is governed by diffusion and thus the reaction is
preceded by an incubation period. Quenching to below the toMs 
tem perature leads to a m artensitic reaction with the consequence 
that the quenched CO , and not its  nucleation, characterises the 
beginning of the ageing r e a c t io n ^ M ^  and thus no incubation period 
is observed. Even in a d irect isotherm al treatm ent, Domagala 
et al^28 founcj that for the same range of binary alloys examined 
in the present investigation, the incubation period is quite sm all.
For a 5.4 and 7. 5% Mo binary alloys these periods at 500°C are  
1 minute and 3 minutes respectively (Figure 38, page 302). The 
relative stability of as indicated by the time delay in the 
appearance of the plateau hardness peak (compare for example, 
the 500°C ageing curves for 5, 6 and 7% Mo binaries with that 
for the 7% Mo-3% Al ternary) also im plies that the plateau hard ­
ness p e rs is ts  for a longer period.
8.2.2.  P lateau H ardness and Quenched H ardness
Relationships
Attractive though the plateau hardness might appear as a  criterion  
for the ageing transform ation (see page 203), it does not easily 
yield related  compositions taken by itself. A convenient way of
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obtaining compositions during ageing is to employ the as-quenched 
hardness/com position curve. The following reasoning is adopted: -
1 Where the experimental technique is selective, e .g .X -ray  
diffraction, it is possible to obtain a physical property or 
param eter/com position  relation for a single phase from  
quenched specimens, since it is assum ed that quenching 
does not allow composition changes.
2 Equivalent compositions of aged specimens can then be 
read off directly or computed from  the as-quenched p a ra ­
m eter/com position relation.
3 When the technique is not so selective, the value of the 
physical property m easured is an average for the mixed 
phases — in the system  under investigation, these a re :-
The principle of resorting  to the quenched p ro p erty /co m ­
position curve still applies; however, the relation must 
connect 3 phases — o ( , and 10 .
4 This three phase requirem ent immediately suggests a
triangular relationship, the apices of which possess values 
consistent with the single phases in question.
Figure 72 (page 326) shows the hardness-triangle for the quench­
ed phases indicated in (3). In a slow |? stabilising alloy such as 
Zr-Nb, the solubility lim it, B, in U  can be as much as 3%. How­
ever, in a strongly  ^ stabilising system  such as Zr-Mo, the com ­
position B is so near A (i.e .zero  per cent) that the f t— +u> , 
f t - 2* £< solution effect and ^  ©< m assive reactions may well
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be superim posed at less than 1 per cent solute. The o< solubility 
lim it for m etastable conditions may be obtained by extrapolating 
the o < /{  o£ + ) boundary. On the basis of resu lts  by Domagala
et al (Figure 20, page 296) and Miodownik and E liasz, 0. 5% Mo 
with an equivalent hardness of 250 V .P.N .m ay be assum ed. E x tra ­
polation of the p resen t^ esu lts  yields 400 VJP.N.for the single 
phase to at 2. 5% Mo (& in Figure 56, page 322). This value com ­
pares favourably with the 380 obtained by Domagala et al. The 
c ritica l composition 7.5% Mo (i.e.D  in Figure 72, page 326) 
has a hardness value of about 300 VJP.N.as against 285 by Domala 
et a l. The ageing plateau hardness values for 5, 6 and 7% Mo binary 
alloys are  plotted on the assumption that at the tim e of attainment 
(which is initial 1 0 - 2 0  minutes of ageing) the composition is essen ­
tially unaltered from  the quenched composition. This assumption 
is a fa ir one since according to the O  -hardening mechanism only 
fractional displacem ents are  taking place!29,178-181 (see harden­
ing mechanism, section 2 .19 .2 .). On further ageing, the to  becomes 
progressively impoverished of solute while the /} phase gains solute 
atoms with the consequence that compositions move to the left (to 
w ards B-C extended) and to the right (towards B-D extended) .The
i f
resulting set of lines C D possess a negative slope which 
approaches zero, gradually above 500°C but quite quickly below 
450°C. This observation is important as it bears a sim ilar signifi­
cance for the slopes of the corresponding m etastable boundaries.
The ageing of alloys of lower composition than 2. 5% Mo (i.e. cK +t0
/
occurring between BC and not the norm al ageing of U  in AB) may 
be represented  by sim ilar lines with variable but positive slope 
intersecting BC extended.
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8 0 2 . 3 , Solubility L im its and M etastable Constitution
Figure 72 perm its the solubility lim its of to and for the m eta- 
stable ( to + >^ ) region to be read off directly (Table 37). The r e ­
sulting (oi + «0 ) / ( to + 13 ) and (-AJ )/(£*  + @e ) boundary lines
TABLE 37
M etastable solubility lim its (Zr-Mo)
A t. % Mo for 
to /  ( &  + ^  )
At. % Mo for
(*<0 + ) / ( ci  + @ e )
f 550°C From  norm al ageing 2 . 8 10.7
1 plateau
^ 550°C R etrogression 3.0 1 1 . 0
r  500°C From  norm al ageing 3.5 1 2 . 8
J plateau
500°C Reversion 3.4 13.4
450°C From  norm al ageing 3.6 14.9
plateau
400°C From  norm al ageing 3.7 17.2
plateau
------------------------------------ 1
are  plotted in Figure 73 (page 326). As indicated ea rlie r, the 
variable slope of the ageing lines (Figure 72, page 326) implies 
that the (^  + to ) /  ( to + j3>) boundary is quite steep below 450°C. 
The point on the tem perature ordinate is the tem perature (690°C) 
of the o i - x c  transition  in pure zirconium A  7
One critic ism  of this m etastable construction is the absence of 
a single phase to region separating the two phase regions of
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(c< + to ) and (&> + P  )» In this connection it is  pointed out that 
the hypothetical lines for the ageing of lower alloys yield an 
( (X + U5) boundary with a positive slope apparently contradicting 
those in the present construction. These two observations are  
connected; their resolution generate important modifications 
which will be discussed in the general correlation of resu lts , 
section 1 3 . 2 .
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9„ X -R A Y  D IF F R A C T IO N  R E S U L T S
901, PHASE IDENTIFICATION
D ebye-Scherrer pictures of wire specimens proved adequate for 
phase identification purposes. Solution-treated and quenched, both 
the binary (5, 6 and 7% Mo) and ternary  alloys (7% Mo-1% Al and 
7% Mo-3% Al) investigated yielded only lines corresponding to 
a boCoC.lattice. Although water-quenched specimens revealed 
various distributions of 0 ^ (5 -1 0 % of the m atrix  and therefore 
sufficient for detection by X -ray  diffraction) under m icroscopic 
examination, there was no evidence of extra lines for this phase 
in the diffraction patterns.
There is considerable superposition of to and f t  lines (see r e ­
flecting planes in Appendix B.) However, on ageing,free w lines 
appear which may be identified by resorting  to the a ll-  £ pattern 
of a quenched specimen.
Identification of the o( phase appearing in aged specimens was 
accomplished with the aid of the pattern  from  pure zirconium.
One or two extra lines appearing with the <  pattern at advanced 
ageing tim es (550°C) could be attributed either to co or the com ­
pound ZrMo2 u
The sequence of phases observed as the resu lt of ageing tra n s ­
form ations a re  in general agreem ent with the reported resu lts  on 
zirconium and titanium alloys (see D om agala^^ on Zr-M o alloys, 
Hatt and R oberts11 on Zr-Nb, Zr-V  alloys; Bagaryatskii and
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N o s o v a * ^ 8 - 1 8 1  a n c j M c Q u i l l a n * 3  on Ti alloys). At 550°C*,the 
decomposition of ^ to o< is quick and alm ost direct; bulk £0 
in coexistence with f$ and disappears in less than 30 minutes, 
and a 7% Mo alloy reveals the©^ phkse in 20-40 minutes at this 
tem perature. At 500PC,the 6o phase which makes its  appearance 
after 15 minutes is stable for 20 hours or more in the 5, 6 and 
7% Mo alloys and for much longer periods in the 7% Mo-3% Al 
te rnary . After this period, fci lines become progressively faint 
but disappear very slowly; four extra lines found with the 
lines after 6 days at 500°C could well be faint residual t o . 
Attention should be drawn to the fact that the persistence of co 
and the formation of oC after prolonged ageing 2 0  hours at 
500°C) brings CO , ok and f t into coexistence. This observation 
is important as it im plies the existence of a three phase region 
separating the ( (O + ft ) and the ( ) fields in the m eta-
stable constitution. Diffraction resu lts  and m etastable constitu­
tions for Z r-y H  and Zr-N b^ ? 1 2  show these three phase regions. 
A week at 500°C indicates that the specimen is all k  with excep­
tion of one or two faint extra lines that could be attributed either 
to (O or a compound. The main feature of the 450°C diffraction
* It may be recalled  from  the lite ra tu re  survey that the ageing 
transform ation kinetics and sequence were conveniently divided 
into high (j> 550°C), medium (400-500°C) and low (< 400°C) for 
zirconium  alloys. In titanium alloys these tem perature ranges 
are  some 50°C lower.
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patterns is the persistence of the to phase. After a week at this 
tem perature, both the binary and te rnary  alloys reveal strong 
lines of bulk co but there are  no lines in evidence.
The main difference in the behaviour of binary alloys and t e r ­
nary alloys containing aluminium is the g reater stability of £ 
and to  in the la tte r. For these alloys, the decomposition ra te s  
are  somewhat slower, although the phase sequence observed is 
identical with those of the binary alloys. There is a higher p ro ­
portion of $  in the quenched 7%-3% Al ternary  alloys since the 
(400)^ line is present on quenching (section 1 0 .4 .1 .) .
9 .2 . INTENSITIES OF DIFFRACTION LINES
As the general spottiness of lines prevented the use of a densi­
tom eter, it was decided to employ the intensity information ob­
tained by cursory examination m erely as a secondary check and 
not for p rim ary  structure determ ination.
Visual estim ates of the relative diffraction intensities for both 
the binary and ternary  alloys are  compared with the calculated 
values in Table 38. The calculated value which is the product of 
the m ultiplicity factor, p, and the square of the structure factor, 
F, ignores the angular contribution (see section 1 0 .4 .2 .and also 
Appendix B). A simple convertion to a base value of 10 then 
provides a rough comparison with the visually estim ated value.
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A comparison of and ^ values for an aged 5% Mo alloy is 
submitted in Table 39.
TABLE 39
Relative diffraction intensities of $  andtO (5% Mo aged at 450°C 
for 30 hrs)
h k l Calc I*
P
Observed I Observed I t o Calc I*iO h killO
1 0 . 2 0 0 0 1
1 1 0 2.5 1 0 8 9.0 0 0 1 1 1
5.0 1 1 2 0 J
0 . 0 2 0 2 0
5 1 . 1 1121
2 0 0 1 . 2 5 4.4 2 0 2 1
0 . 0 2130
3 1.7 0 0 0 2
0 . 0 1 0 1 2 ^i
112 5.0 9 9 .0 2131 r
1 0 . 0 3030-
7 1 0 . 0 1 1 2 2
2 . 2 3031
2 2 0 2.5 5 0 . 0 2022 7
5.0 2240 J
0 . 0 3140
1 . 1 2241
310 5.0 4 .5 0 . 0 2132 7
9.0 3141 J
0 . 0 4041
5
!«
3032
TABLE 39 (cont’d)
h k l
fi
Calc I*
0
Observed I Observed I 
10
Calc I*
uD
h kil
tO
222 1.7 0.2 0003 1
9.0 4041 i
9.0 1013 )
0.0 3250 J
6 10.0 2242
1.1 1123 >
0.0 3142
321 10.0 6 . 5 9.0 3251
0.0 415oJ
■ 5 9.0 2023
* Highest ^  pF 2, 198 = 10
* Highest 6 0 P*1 ,108 = 10
Table 40 gives the observed values for pure zirconium and 
the oi  phase formed by ageing 5 and 7% Mo alloys at 550°C. 
TABLE 40
Relative diffraction intensities of pure zirconium and of 
5 and 7% Mo aged at 550°C for 1 week
Observed Intensities
h kil pure Zr 5% Mo 7% Mo
10I 0 1 8 5
0002 10 7 7
1011 10 3 10
1012 7 6 6
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TABLE 40 (cont’d)
Observed Intensities
h kil pure Zr< 5% Mo 7% Mo
1 1 2 0 6 5 7
1013 9 4 7
2 0 2 0 2 6
11 2 2 8 8 6
2 0 2 1 6 6 6
0004 5 6 4
2 0 2 2 2 5
1014 4 3
2023 5 7 7
2130 1 0 0
1124 6 6 7
2132 2 6 4
1015 4 5 4
2024 2 4
3030 1 6
2133 5 7
3032 4 4
0006
2025
4
5
The above com parisons of line intensities (i.e .T ables 38, 39 
and 40) a re  restric ted  to individual film s. A more general com ­
parison of the average level of line intensities is presented in 
Table 41. Some im portant features may be enumerated as follows:-
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TABLE 41
A general comparison of line intensities for a 500°C ageing 
treatm ent (5, 6 and 7% Mo alloys)
---------------- —
Phase 1 0 m Ih 8h 24h 8 Oh Iwk
9 7 8 10 10 7 2
u r 2 5 8 4
*
7 9 10
1 In Tables 38, 39 and 40, comparison is stric tly  lim ited to 
lines on the same film  and therefore any attempt to com­
pare the diffraction intensities on two different film s may 
only be achieved indirectly.
2 There is superposition of to lines on all ^  lines except
the (400)^ (see bracketed indices, Table B. 2 in Appendix B). 
The observed intensities of £ lines of quenched alloys are  
therefore different from  the calculated values for single 
phase p  — i.e . the observed intensities are  really  the 
resu lt of I + I ^ o
3 f t lines which are  most intense during the early  and middle 
ageing periods undergo a d rastic  reduction at advanced age­
ing tim es. The intensity of separate to lines (i.e .lines not 
superim posed on lines) increase during early  ageing 
tim es and rem ain alm ost as high as the superposed f t  lines 
during the middle ageing periods (8-36 hours) and then suffer 
a d rastic  reduction at advanced tim es {80 hours). The inten­
sity of<X, lines increase at advanced ageing tim es (> 8 0  hours).
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4 The calculated intensities of the (200)^ and (400)^ should be 
the same when the phase is all ^  (Table B . 2.). Although the 
(4042)^ line superim poses on the (400)^ , its  structure factor 
is zero  (see section 1 0 ,4 .1 .page 233and Appendix B) and 
therefore an a ll-  ^ phase should reveal a free (400)^ with an 
intensity equal to that of (200)p . Except for the 7% Mo-3% Al 
ternary , all quenched alloys yield a diffraction pattern with 
(400)^ absent — m ore correctly , the intensity of this line is so 
low as to make it invisible (Table 38),
9 .3 . LATTICE PARAMETERS
Selected param eter m easurem ents are  presented in this section 
to dem onstrate the broad trends. The fuller set of param eters 
and sample data related  to their derivation are  available in 
Appendix D .
9 .3 .1 . Quenched |3 Lattice P aram ete rs
©
Quenched ft lattice param eters (A) for the binary (5, 6 and 7% Mo) 
as well as the ternary  (7% Mo-1% Al, 7% Mo-3% Al) alloys a re  
given in Table 42 and values may be quoted accurate to within
TABLE 42
As-quenched f  lattice param eters
Alloy Treatm ent
«r..
Lattice P aram eter, A
Zr-5% Mo 
Z r - 6 % Mo 
Zr-7% Mo 
Zr-.7% Mo-1% Al 
Zr-7% Mo-3% Al
1000°C (60m)-+W.Q.
T1 ft 
tf ft 
ft ft 
ft ft
3.567 t  0.001 
3.564 + 0.001 
3.561 t  0.001 
3.556 i  0.001 
3.532 ± 0.001
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±0.001 A on the basis of reproducibility (see values of 6 % Mo in 
Table 43). Values for the binary alloys are  plotted against com-
TABLE 43
Effect of solution tim e on ft lattice param eter
Alloy Treatm ent
0
Lattice P aram eter, A
Z r - 6 % Mo
it
tt
t,t
1000°C (3 min)-*W.Q. 
1000°C (10 min)^W .Q. 
1000OC (60 min)-*W.Q. 
1000°C (120min)-*W.Q.
3. 564 ±0.001
3.564 ±0.001
3.564 ±0.001
3.564 ± 0.001
position and compared to other w orkers’ resu lts  in Figure 74 
(page 327). A sim ilar lattice param eter/com position  plot for 
the te rnary  alloys is shown in Figure 75 where the zero  com- 
position value is taken as 3. 561 A, the value for the 7% Mo 
binary.
0
The values for quenched binary alloys are  only 0.002 A greater 
than those determ ined by Domagala et al228,268 for zirconium - 
molybdenum alloys, and are  in good agreem ent with those of 
Miodownik and E lia sz / ' The negative slope of param ete r/co m p o si­
tion plot for the ternary  alloys although to be expected on account 
of the sm aller size of the aluminium atom is ra ther large. The 
im plications of the magnitude of this slope are  discussed in Section 
10.1 .
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The effect of solution tim e on the quenched ft param eter is negli­
gible since 3,10, 60 and 120 minute treatm ents at 1000°C produce
c
the same value (3. 564 A) for a 6 % Mo binary (Table 43).
9 .3 .2 . Quenched Co Lattice P aram ete rs
The composition equivalent for co lattice param eters may be ob­
tained from  the B values through the relationship a to
1 T—’and c^ = ^ v 3 ap (see basis in Appendix B). Figure 76 (page 
327 ) shows the a w /com position thus obtained for the binary 
alloys investigated and the relation to to param eters obtained 
for the few alloys which yield nearly 1 0 0  per cent co  on quench­
ing. Important comments regarding the eo p aram ete r/com posi­
tion relation are  recorded in section 1 0 .. 1 . 1 . (page 226 ).
9 .3 .3 . Aged f  Lattice P aram ete rs  (Binary alloys)
The p lattice param eters of binary alloys aged at 550, 500,450 and
400°C for different tim es are  recorded in Appendix C. Aged f t
lines a re  quite diffuse. It is estim ated that values may be quoted
o
with an accuracy not g reater than ± 0 .003A for initial and in te r­
mediate periods and 1 0.004 for prolonged ageing tim es. The 
la rg er sca tte r for the prolonged ageing tim es a r ise s  not so much 
for the diffuse quality of lines as to their faintness at high angles. 
From  the param eter/ageing-tim e plots (Figure 77, page 328 )?it 
is  obvious that the ^ lattice param eter is either constant or at 
most decreasing gently during the period when the phase is 
most stable. It then suffers a precipitous drop — some 0.020 to 
0.025 A, implying an enrichment with solute atoms — after which
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it rem ains constant again. Since enrichment involves the diffusion 
of solute atoms to the f  m atrix the process would be p ro g re s­
sively inhibited at lower ageing tem peratures. Accordingly, the 
param eters at 450 and 400°C do not dem onstrate any such p re ­
cipitous drop during the ageing periods recorded . With m ore p re ­
cise m easurem ents investigatorsll>12,129,178 have observed a 
sm all initial reduction (see, Zr-Nb in Figure 47, page 306) occur­
ring in the f irs t 10-15 minutes of ageing. A sim ilar drop is implied 
in the present resu lts  if the ea rliest aged values a re  compared and 
to the quenched f t  values and the drop assumed to take place while 
heating to the ageing tem perature or during, the f irs t minutes of age­
ing. In view of the very short tim es involved, it would be difficult to 
attribute this initial drop to compositional changes.
9 .3 .4 . Aged ^ Lattice P aram eters  (Ternary alloys)
0 lattice param eter values for two ternary  alloys (7% Mo-1% Al,
7% Mo-3% Al) aged at 550°C and 500°C a re  listed in Appendix D 
and plotted in Figure 78 (page 328). The main feature at 550 and 
500°C is  that neither the 1% Al nor the 3% Al alloys display a 
sudden reduction as observed for the binary alloys. There is, 
however, a progressive decrease for the 1% Al alloy between 10 
minutes and 20 hours at 550°C while the B param eters rem ain
c
quite steady for the 3% Al alloy. Estim ated accuracy is ±  0.004 A.
9 .3 .5 . Aged to  Lattice P a ram e te rs  (Binary Alloys)
Separate co lines which appear with ageing enable the c and a 
values of the hexagonal structure to be determ ined independently 
of ^ lines although coupled with their quality,the relatively sm all
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number of these lines render the accuracy lower than for the P  
p aram eters . Figure 78 shows representative a^., c^ /ag e in g -tim e 
plots. It will be noticed that the c / a  ratio  is between 0. 619 and 
0.622, g reater than 0.613 which is the value for the quenched con­
dition. The increase is achieved by expansions in the c param eter 
ra th er than the a.
The diffuse quality of c* lines in the ternary  alloys containing 
aluminium did not justify their m easurem ent.
9 .3.6.  ©< Lattice P aram eters  (Binary alloys)
Appendix D contains the c and a param eters of the o< phase 
formed at prolonged ageing tim es. Values recorded are  only for 
550°C and 500°C since at lower tem peratures, the g rea ter stability 
of io and p prevent its formation during the ageing tim es recorded. 
The plots q* , a^ /ageing  tim e (Figure 79, page 328) show that d u r­
ing ageing, the c param eter expands ra ther than the a param eter.
At the end of one week at 550°C, doublets appear for the f irs t 
tim e at high angles. At this tem perature c and a values for 5, 6 
and 7% Mo binary alloys a re  5.145 and 3.233, 5.146 and 3.235,
c
5.143 and 3.238 A respectively^ As these values s till reflect a 
composition dependence, it is  likely that equilibrium has not been
reached. The c and a param eters determ ined for pure van Arkel
o
zirconium  quenched from  1000°C a re  5.143 and 3 .232A respectively. 
The resulting c / a  ratio , 1. 592, is only slightly higher than those of 
o ( form ed by the ageing decomposition of P .L ack of data, in p a r ­
ticu lar the as-quenched ot  param eters for low alloy compositions, 
prevents the determ ination of molybdenum compositions with these 
o< values.
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10. D IS C U S S IO N  O F  X -R A Y  D IF F R A C T IO N  R E S U L T S
10.1. AS-QUENCHED LATTICE PARAMETER/COMPOSITION
If quenching inconsistencies cause d isparities in the as-quenched 
hardness of binary alloys and thus render it less desirable (than 
the plateau hardness) as a criterion  for the analysis of ageing 
behaviour, they exert no such effect on the lattice param eters of 
quenched alloys. The reason is that in a m artensitic reaction, 
there is no large scale diffusion with consequent composition 
changes. This fact may be exploited with far more success by 
diffraction techniques than by hardness methods, since the la tte r 
is more obviously sensitive to the quenching inconsistencies 
arising  from  manual tran sfer of specimens during quenching.
(See sca tte r in the as-quenched hardness of alloys investigated, 
Appendix E ). The establishm ent of a lattice param eter/com po­
sition relation enables important aspects of ageing transfo rm a­
tions to be correlated  (viz — composition differences, solubility 
lim its, m etastable constitutions).
Lattice param eters of the quenched Zr-M o binary alloys investi­
gated (Figure 74, page 327) are  in good agreem ent with reported
o
values,being only 0.002 A higher than the resu lts  of Domagala 
et al.9?268 Since the diffractions of quenched jl> film s are  sharp 
and clear, it is  estim ated that e r ro rs  in the determ ination of B> 
lattice param eter can only be important in the 5th significant 
figure. Quenched $ lattice param eters of binary as well as te r -
c
nary alloys may thus be quoted to four significant figures + 0.001 A. 
Assuming a room -tem perature 8 lattice param eter of 3.582 A.162,268
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(30 580 A according to Duwezl64Jancj 2o80 A as the size of the 
molybdenum atom, size considerations alone would suggest a re -  
duction of 0.0044 A for every molybdenum atom per cent added 
as alloy* Comparison with additions of niobium ,H vanadium ^ 
and chromium H yield 0.0029, 0* 0055 and 0.0070 A for every 
atom per cent added as alloy„ It may be concluded from  the r e ­
sulting linear $ -lattice param eter/com position  relation that 
the binary Zr-M o alloys investigated exhibit no unusual features,,
A sim ilar analysis of the quenched ^ param eters of ternary
alloys containing aluminium also dem onstrate the expected trend*
a
The atomic diam eter of aluminium (f.c .c .structure) is 2.85 A.
In the P boCcCc structure it should suffer a Goldschmidt contrac-
o
tion of 3 per cent to become 2.77 A. This value is alm ost the 
same as the diam eter of molybdenum which is 2 .8 0 A . Thus on 
size considerations alone the slope of the ft lattice param ete r/  
composition curve for the ternary  alloys containing aluminium 
should be negative. The reduction in the f l param eter of the 
7% Mo-3% A1 is ra ther large compared to that of the 7% Mo- 
1% A1 (Figure 75). If as the analyses (M aterials, section 4 .1 .2 .) 
suggest the aluminium contents of these alloys are  1 and 3 per 
cent then V egard’s Law is not obeyed. That the p a ram e te r/c o m ­
position relation for the aluminium te rn a rie s  is not necessarily  
linear is reflected by the non linear ageing-hardness/com posi­
tion curves for these alloys (Figure 69, page 325). It appears 
as if in solution with $  zirconium, the aluminium atom assum es 
a sm aller size. The shorter interatom ic distances associated 
with aluminium is well documented in the lite ra tu re .13,66,67
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It is perhaps not surprising that the only confirmed report of 
ordering in quenched- p  specimens is for a Ti-M o-Al alloy .66  
Support for the likelihood of ordering in the f  -phase titanium - 
molybdenum alloys has been supplied by Dupouy and Averback.67  
These w orkers report that the titanium -titanium  distance is 
sm aller than that in pure titanium, and sim ilarly  that the molyb­
denum-molybdenum distance in these alloys is sm aller than in 
pure molybdenum. Dupouy and Averback suggest that these 
shorter interatom ic distances indicate a loss of one or more 
electrons from  the molybdenum on dissolution in titanium. 
Sim ilarly, the shorter ^  -distances obtained on adding aluminium 
to Zr-7% Mo would indicate that inspite of its  lower valency, it is  
stripped of one or more electrons on dissolution in fi -zirconium . 
In support of th is view, it may be argued that the relatively e lec tro ­
positive nature of aluminium might resu lt in the creation of oppo­
site  charges to increase the cohesion and hence a slight shorten­
ing of bonds.
10 .1 .1 . Some Xnterpretational P roblem s of ft and Lattice 
P aram eters
Careful examination of the to lattice param eter/com position  
graph (Figure 76, page 327) will reveal that:-
1 Extrapolation is ca rried  beyond the single phase to point
©
(i.e. 2. 5% Mo and 5.058 A) to zero per cent molybdenum 
even though the to phase is now to be found in coexistence 
with oC and not ^ (see section 2 . 2 0 . 1) r
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2 A serious disparity in the com position-extrapolated (A A) 
and ’p re ssu re * uj lattice param eter values exists. Accord­
ing to B r i d g m a n ^ O  strange implosion phenomena may occur 
in solids under high p ressu re  with the consequence that 
linear extrapolation is often unreliab le . However, 
M iodow nik^l seeks an explanation by pointing out that 
pressure-induced <o is  associated with ©< while the compo­
sition-extrapolated 63 is derived from  .
It would thus appear that to  lattice param eter/com position  data 
can be derived from  at least 3 sources which admit of two dif­
ferent in terp reta tions:-
(a) There a re  a few param eter values of alloys in the neigh­
bourhood of 2,5% Mo which yield 100% on quenching.
The composition associated with the m easured param eter 
can be accepted as the overall bulk composition^? 16(5,268 
(see I in Figure 76,page 327).
(b) There is a single param eter value for pressure-induced 
to which because it is  derived from  t*C need not be com­
patible with the quenched resu lts . (See II, Figure 76,page
327),
(c) 60 lattice param eter/com position  data may be derived 
from  f  lattice param eter/com position  relations (Figure 
74, page 327) as perform ed for the binary alloys investigated 
by assum ing a(0>= ,J J  ap and cw = &  a^ (See Appendix B). 
These values a re  plotted in Figure 76 (page 327 ) where it 
can be seen that the to param eter/com position  relation
is essentially  the line A A, However, if the set of points
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marked I is not regarded as sca tte r in A A, then in view of 
considerations (a) and (b) the line B B may be drawn as 
representing the param eter/com position  curve for co in 
association with *c . The implication of the line B B is 
that the addition of molybdenum increases the to  interatom ic 
d istances. As this is contrary to the reported observations 
and furtherm ore, as the introduction of B B does not affect 
interpretation of the present resu lts , the m atter will not be 
per sued any fu rth e r.
10.2. AGEING ( p  , U) , <X ) LATTICE PARAMETER/ 
COMPOSITION
The validity of inferring composition from  lattice spacing and 
thereby determining the course of reaction during ageing re s ts  
upon an unchanging dependence of lattice spacing on the numbers 
of each atomic species in the phases concerned. If it is assum ed 
that quenching does not introduce composition changes, then the 
extrapolated quenched- ft and to lattice param eter/com position  
curves (Figures 74, 75 page 327 ) .may be employed to provide 
the solubility lim its encountered during ageing. In ft binary 
alloys there a re  indeed no complications. T ernary alloys may 
however dem onstrate non-linear effects as evidenced by the 
behaviour of the 7% Mo-1% A1 and 7% Mo-3% A1 ternary  alloys 
(Figures 69 and 75,pages 325, 327 ). Aged ft and to  lattice 
param eters  and their equivalent compositions are  entered in
Table 44. Using the range of quenched values of 5, 6 and 7% Mo
o
(i.e. 3. 567-3. 561 A) as reference, several trends are  discernible:-
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1 The aged values lie above the range of quenched a w range 
and it can be concluded that ageing causes the to  phase to b e ­
come impoverished of solute atoms .
2 The changes in a^  param eter are  much sm aller (0o003-
0.005 A) when compared with those in (0o 010-0.015 A) 
a  cand pe (a'O. 025 A). This makes sca tte r in the values of a^  
more serious than in jS with regard  to the determ ination of 
term inal compositions.
3 The aged- fJ param eters lie on the lower side of the quench- 
ed-p param eters indicating a general enrichment in solute 
atoms, with fie  demonstrating a g reater capacity for the 
solute (Mo) than £ r .
4 B arring sca tte r in the aged lattice param eter values, the 
term inal compositions are  dictated by tem perature and 
not alloy composition.
Although there is general agreem ent with Miodownik and E liasz^ 
about the range of a ^  values, it would appear that the values now 
reported  are  slightly lower than those obtained by these w orkers. 
This observation need not cause concern, in view of the fact that 
most of the ir heat-treatm ents employed an end-quenched tech­
nique and apply to varying cooling conditions. The resu lts  of 
Hatt and R o b e r t s a n d  Cometto et al*2 show that equivalent 
solubility lim its in the Zr-Nb system  are  approximately double 
the atomic per cent values, although it is interesting to note that 
in te rm s of electron concentration, the two m etastable system s 
coincide alm ost exactly.
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10.3. METASTABLE CONSTITUTION
The solubility lim its in the last section enable the ( tO + @ )  field 
to be established (Figure 80, page 329) and compared with the 
lim its as determ ined by hardness m easurem ents (section 8 .2.3.)° 
The low composition boundary of the ( 60 + /3 ) field is  established 
with aw/so lub ility  values while the high composition side is achiev­
ed with a p v/so lub ility  values. Values of a  ^ /s o lu b il i t ie s  at 550 
and 500°C provide the ( o ( + f l e ) boundary which when extrapolated 
m eets the + P  ) f  boundary. The relative positions of oi  Ms 
and £OMs a re  given attention in Section 1 3 .1 .(page 253).
The lack of precision in the placing of the metastable boundaries 
a r ise s  from  the nature of the transform ation. The mechanics 
of the p  CO transform ations involve sm all atomic displacements 
which resu lt in diffuse and broad diffractions. However, the 
accuracy is comparable with the Zr-Nb system ic>12 for which the 
choice of a wider range of compositions is possible. Reference 
to Figure 49 (page 307) will show that the m etastable boundaries 
in Zr-M o occur at slightly less than half the equivalent com posi­
tions in the Zr-Nb system . The steep boundaries obtained for the 
Zr-M o m etastable constitution might be expected from  the sim i­
larly  steep equilibrium o</(3 phase boundaries.
Use has not been made of the &  param eter values owing to the 
lack of oi param eter/com position  data. It is however important 
to note that although the c and a change in the expected direction 
(i.e .increasing  with loss of molybdenum) the values are  higher
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than those for pure zirconium. The significance of the sign of 
the magnitude is at the moment obscure.
The coexistence of $ , vO and qL phases occurs during the tim e 
when the f> param eter is undergoing a sudden drastic  reduction. 
At 500°C and above, therefore, a three phase region exists on 
the low composition side of the (£o + f t  ) / ( o i  + @e ) boundary, Hatt 
and R o b e rts^  indicate such a three phase region in their con­
struction for Zr-V  but ignore it for Zr-Nb, Cometo-^ in his 
construction for Zr-Nb also ignores it. It is no doubt more 
legitim ate on a T T ,T .d iagram  as indicated for Zr-Mo228? other 
j5 ^zirconium s y s te m s ^ ? ^  and titanium sy s te m s^  which form
to  •
10,4, SOME IMPLICATIONS OF LINE INTENSITIES 
10,4 01, The (400^ Line
Although the examination of line intensities was hardly exhaus­
tive yet some important conclusions may be established with 
little effort. An observation whose implication may be readily 
dem onstrated concerns the absence of the (400^ diffraction line 
in all but one (7% Mo-3% A1 ternary) of the quenched alloys.
The relative intensity I (in some a rb itra ry  units) of Debye 
S cherrer line is given as:-272,273
I(hkl) = Fhkl Phkl f(@) T •A - (13)
where F is the structure factor;p, 
the multiplicity factor;f(d), the Lorentz-
polarisation factor;!^  the tem perature 
contribution factor and A, the absorption 
factor.
Ignoring f(0), T and A, the presence of a line thus depends on 
whether or not F is zero, since the multiplicity factor is always 
positive. It can be shown that F(4qo)^ is not zero . Now P(400)^ 
has a relatively low value of 6 (compare with 48 for (312^ and 
24 for (310)  ^ ). This value is the same as for P(200)^ anc* th e re ­
fore should enable the line corresponding to (400^ to become 
visible. Except for the 7% Mo-3% A1 ternary , the diffraction 
pattern for all the quenched alloys do not contain this line.
From  the point of view of the to structure which may be con­
sidered as a large ( 3 x 3 x 3 )  cubic cell, the (400^ transform s 
as (4001^  3 x (400)(4402)  (see Appendix B).
r  0J
Now
Fh.k.i. = A2 + B2
where
A = X f0 jc o s  2u (h -^ + iky + lz)
and
B = X f0 £sin 2 X  (h^ + -hy + lz) j. 
Furtherm ore, the atom positions of Co being
ooo + ( | i  i)3 3 2 ’
it is c lear that the sin te rm s make
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B  = 0
and
A = fQ £cos 2 i t ( h x O  + k x O + l x O )
0 , 2h k I  x
+ cos 2 tu ( - y  + 3 + 2 )
0 / 2h k 1N1+ Co s 2 x (  - T  - 3  - 2 ) j
which reduces to
A = f0 + 2 cos 2 iu ( h g 2k + |  ) |
Thus
F = A.
Substitution for (4402)w then yields
= fo I 1 + 2 cos 2x ( - j  + i) 1
= o.
The intensity 1(4402) *s thus zero . The implication of this ob­
servation is that absence of the (400)^ line is indicative of the
presence of cc . As will be seen in Section 8 .1 . , the evidence
from  quenched hardness resu lts  suggests that transform ation of 
is sufficient to cause the (400)^ line to become so weak 
that it is  not m easurable. It is in the light of these observations 
(i.e. absence in the quenched binary alloys and 1% A1 te rnary  and 
presence in the 3% A1 ternary  of the (400)  ^ together with the a s -  
quenched hardness results) that aluminium is shown to enhance 
the retention of ^  upon quenching.
^  15% b
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Finally, the appearance of the (400)^ after short ageing tim es does 
indicate that some 63 does transform  back to p  since the (4402)^ 
has been shown to possess zero intensity.
10.4.2.  Relative Diffraction Intensities
It can be shown that the diffraction intensity is proportional to 
the amount of m aterial giving the d i f f r a c t i o n , 2 7 2 , 2 7 3  providing 
suitable p a irs  of lines are  chosen for com parison purposes. Thus 
the relative amounts of p  and to involved in the decomposition 
of p can be at least qualitatively given by visual comparison of 
suitable neighbouring and p  diffraction lines. For a Debye 
S cherrer photograph, the intensity,
and
^iW^hku^ku Phkii n2va
where
i(& )  is a function of the Bragg angle and is generally 
provided in tables as the Lorentz-polarisation factor.
F, the structure factor 
p, the multiplicity factor 
N, number of unit cell per cm^
V, volume of phase giving the diffraction 
A, the absorption factor.
Now if neighbouring diffractions a re  chosen, then 
f (S )hk l~ f(&)hkil-
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An equation may thus be written relating the ratio  of diffracting 
volumes with the line intensities: -
In the above equation the quantity in the square brackets are  
easily calculated. Reference to Appendix B will show, for ex­
ample, that two close ^  and id  lines, (400)^ and (3033)^, possess 
the same pF^ value of 24. It is clear that the volume ratio  is 
directly  proportional to the relative intensities and inversely p ro ­
portional to the structu re factors. Thus for neighbouring d iffrac­
tions, variation in the intensities may be taken as indicative of 
a sim ilar variation in the volumes giving the diffractions. The 
resu lts  of visual estim ation of line intensities (Tables 38-41) 
a re  consistent with the general kinetics of ^ decomposition and 
a re  in agreem ent with the findings of Miodownik and C o l l a r d . 1 0  
For the 5, 6 and 7% Mo binary alloys the proportions of p  r e ­
main high at early  and middle ageing tim es but decrease sharp ­
ly at advance ageing tim es; the amount coexisting with ** after 
a week at 550°C is probably no more than 5% of the phase m ix­
tu re . The amounts of to maximum at middle ageing tim es 
(1 - 4h at 550°C, l-30h at 500°C) also suffer a sudden reduction 
at advance ageing tim es. It is doubtful if any is present after 
80 hours at 550°C or a week at 500°C, By contrast, the intensity 
of oL lines become strongest at advanced ageing tim es. At tem ­
pera tu res below 500°C where the decomposition of ft is p ro g res­
sively inhibited, ft and u> lines rem ain strong even after 1 week 
of ageing and o< lines a re  not present.
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11. M E T A L L O G R A P H I C  R E S U L T S
As with hardness and diffraction data, the presentation of m etallo- 
graphic resu lts  is conveniently divided into quenched and ageing 
features. Examination of quenched m icrostructures of the compo­
sitions investigated suffer from  the lim itations of the optical m icro­
scope in that the chief phases, to and ^ , are  not differentiable. 
Furtherm ore, the relative absence of twins and associated line 
markings in the transform ation reduce ft o rien ­
tation references in optical metallography. The resulting paucity
of data contrasts with o t , ( d  + U3 ) and ( o (  + f  ) alloy m icro-
/
s tructu res (see, for example, oi species reported by Miodownik 
andEliasz^ (Zr-Mo alloys — P late 3, page 310), M c Q u i l l a n ^  and 
A rm itagel88 (Ti alloys)) in which the o t phase is easily d iffer­
entiated.
11.1. QUENCHED MICROSTRUCTURES
A statem ent about the electron microscopy resu lts  is appro­
p riate  here. The increased resolution (x 1200 useful magnifi­
cation) was neither sufficient to reveal any features associated 
with (O ( S t e i g l e r l 9 7  and C r o u t z e i l l e s l 9 6  magnifications> 40, 000) 
nor did it provide evidence of the internal structure of p  plates 
since the phase was preferentialy  removed by the etching solu­
tion. The resulting m icrographs, though interesting, a re  not 
submitted.
The resu lts  of quenched m icrostructural observations show that 
the m artensitic transform ation P ~ * ~ LOm  + K  obtained by
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quenching both binary and ternary  alloys is not accompanied by 
surface rumpling as is normal in Vacuum-etched, m e r­
cury-quenched 6 and 7% Mo binary alloys reveal only grain boun­
dary delineations. The flat surfaces provide no indication of the 
m artensitic reaction (Plate 7, page 315).
E lectro-etching methods (Rl, 2, 3 and 4 see page 182 ) produce 
round? square and triangular etch-pits in quenched binary speci­
mens. Often, all types are  found within a single grain. In con­
tra s t to this mixed distribution, chemically etched types show 
more discrim ination of s ites . Square and triangular p its form  
on different grains. Further m ore, square pits a re  generally 
found with line and L shaped f  precipitates and triangular p its 
mainly with triangular p precip itates. The implications on 
§  -orientation are  discussed la ter (page 251),.
/>11 .1 .1 . p  P recip ita tes in Quenched Specimens
An examination of the as-received  binary and ternary  alloys 
reveal various distributions of dark precipitates designated 
as f t "(P la te  8 , page 315). A sim ilar distribution is very much 
in evidence in all water-quenched specimens except those in the 
7% Mo-3% A1 te rnary  alloy which display rem arkably few.
These precip itates are  straight or round. They are  p referen ­
tially  removed by chemical or electrolytic etching but it is 
inferred  from  the subsequent trough left in the m atrix that the 
straight precip itates are  plate-like in shape. The round p re -r'
cipitates appear to be quite superficial in appearance, are
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easily removed by the f irs t contact with the etching solution 
and may reform  overnight in clear grains. In a water-quenched
A/*/
specimen, p  plates exhibit clean lines with the occasional 
kink or interruption, the a reas  immediately adjacent completely 
denuded of any precipitate. The plates show p referred  o rien ta­
tion; a maximum of 3 orientations being observed.
Unnecessarily severe mechanical polishing can generally be
b
detected by the disturbed disposition of p  p lates. P la tes (9) 
and (10) illustra te  an amorphous layer (not completely rem ov­
ed by chemical polish and etching) and a normal distribution of 
P in water-quenched 5, 6, and 7% Mo specim ens. By contrast, 
quenched te rnary  alloys containing aluminium show r e ­
markably few plates of This observation is particu larly
/»//
true of the 7% Mo-3% A1 ternary  alloy . p  plates in this alloy 
possess a muted appearance and a re  characterised  by surface 
relief which suggests a certain  resistance to attack, unlike their 
appearance in the binary alloys.
11 .1 .2 . The D istribution of P recip ita tes
By counting the number of plates in ten enlarged photom icro­
graphs, it is estim ated that a water-quenched 5, 6 or 7% Mo 
alloy may contain a normal distribution of 1000-1500 ft"  plates 
per mm2. This distribution amounts to between 5 and 10 per 
cent of the m atrix field. Prolonged ageing until the onset of the 
o i phase a lte rs  the ir shape but not the norm al amount observ­
able in the field. By contrast, the amounts to be found in the
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quenched 7% Mo-3% A1 ternary  is less than 100 per m m ^0
11.1 .3 . The Shape and Size of p P recip ita tes
Successive etching (experiment described on page 184 ) shows 
that precipitates in the form  of plates ra ther than needles.
The width (i.e. the second largest dimension of the plate) of 
these plates appears to be 5 to 10 p. 0 The sequence of p ictures 
after successive etching treatm ents a re  shown in P late 11 
(page 316). The average length of these plates is 20-25p.and 
the thickness (i.e .the  sm allest dimension of the plate) i s ^ 3 ju .. 
These dimensions a re  found in the as-received  as well as w ater- 
quenched binary polycrystalline specimens (grain size 0.5-
1. 0 mm) which have been solution-treated at 1000-1200°C for 
1 or 2 hours. However, in coarse grained binary alloys (grain 
size 2-3 mm), the plate may stretch  across the entire grain 
(Plate 12).
11 .1 .4 . Disposition of p^P lates
*/✓
A m ore careful examination of p (platelike precipitates) line 
markings indicates three different dispositions (plate 13, 
page 317). Three lines of equal width may form  a triangle 
none of the angles of which is 90°. Two lines of equal width 
may be oriented at right angles like an TL \  Such an TL ’ p re ­
cipitate may also consist of two lines of different width.
Single straight precipitates which are  the most common may 
be elem ents of these dispositions. Although chemically etched 
pits a re  difficult to produce?a few square pits a re  observed
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with fL ’ and straight precip itates. It has also been possible to 
associate triangular p its with triangular p recip itates. The im ­
plications of the association of 0 1 plates with etch-pit types are  
dicussed la ter (page 251).
q *11.1 .5 . The Influence of Hydrogen on the Distribution of f
Experim ents involving the deliberate introduction of hydrogen 
(see page 174) to 5 and 6% Mo binary alloys indicate that f t *  
p recip itates a re  at least hydrogen induced if not actual hydride 
phases. With the introduction of very sm all quantities of hydro­
gen ( <  5 mm Hg), double the normal distribution of ^ i n  w ater- 
quenched specimens is observed. Further additions of hydrogen do 
not a lte r the distribution. P late 14 (page 318)shows that virtually 
the whole grain is covered with ^ p la te s .  The spacing between 
the plates appears to rem ain the same as for the densest 
distribution of water-quenched specim ens.
In further support of the view that p  is connected with hydrogen, 
it has been amply shown that the removal of hydrogen by vacuum 
treatm ent (quenching with m ercury) though not removing ^ p r e ­
cipitates com pletely,causes a marked,reduction,in thejmmber observable. 
The specimens shown in P late 15 (page 318) have been mechani­
cally polished and chemically etched.
11 .1 .6 . The Form ation of Broad P late  P recip ita tes
Unusual plate structu res are  observed in connection with certain  
solution-treatm ents. The connection between these and is not
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established but they can well represen t the orientation of the 
broad side of p la tes ,p a ra lle l to the surface. While no 
effects are  observed in specimens quenched from  1000°C and 
1200°C, very large plates appear after short ageing tim es at 
450°C with the 1200°C solution treatm ent. Some of these 
plates, 40p. across, reveal internal stria tions. These broad 
plates a re  restric ted  to a shallow surface layer and can be r e ­
moved by successive polishing and etching. Sim ilar structu res 
have been reported in titanium -chrom ium alloys.%74
11.2. AGEING MICROSTRUCTURES
11.2 .1 . Form ation of <  in Mo Binary Alloys
The m icrostructural details of aged specimens containing o i  
a re  obscured by an after-e tch  tarn ish  which form s no m atter 
whether electro-etching or chemical etching methods are  em ­
ployed. Although it is difficult to distinguish <x from  and 
P unambiguously, it is generally assum ed that o i  etches light 
in contrast to the dark f '  p recipitates during the middle and 
advanced ageing tim es at 550°C and 500°C.
F irs t visual evidence of occurs 8-16 hours after detection 
by X -ray  diffraction (-4 1 hour at 550°C). Although the light 
etching precip itates have formed by diffusion, here and there, 
short fine lenticular shapes are  in evidence (plate 16, page 319). 
The nucleation appears to be wholly in ter-g ranu lar. The d iffrac­
tion pattern  of c* at this time is diffuse.
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At advanced aging tim es ^ 72 hours at 550 and 500°C,the nuclea- 
tion has extended to the grain boundary. The m icrostructure 
shows finely dispersed round precipitates probably of @ in a 
m atrix  of o i (Plate 16c, page 319). The diffraction pattern of 
in this condition shows doublets at high angles.
11.2.2.  Form ation of u . in T ernary  Alloys
Aged te rnary  alloys containing aluminium appear to re s is t 
tarnishing better than the binary alloys. Alloys with most 
aluminium, viz 7% Mo-3% Al, showed the g reatest resistance.
A second feature is the rem arkably  few precip itates. These
are  sim ilar to $ precipitates in the molybdenum binaries. In 
the quenched condition their appearance is somewhat muted; 
they however etch dark with ageing. After a week at 550°C 
the 7% Mo-3% Al alloy shows round f  precipitates with an in­
creased  density of distribution equal to that in the binary alloys.
11 .2 .3 . Morphology Changes
t>" P latelike precipitates are  straigh ter with fast and consis­
tent quenching. As ageing p rogresses, the plates begin to 
lose definition and appear to break up. After ageing past the 
hardness peak, the morphology completely changes so that in 
a specimen aged for 8 hours at 500 or 450°C, there is a sphe- 
riojial precipitate which becomes more finely dispersed as 
ageing advances. The after-etch  tarn ish  that occurs with the 
form ation of c* makes it difficult to distinguish between f t"  
p recip itates and oi . A se rie s  of photo-m icrographs illustrating 
these morphology changes are  shown in P late 17 (page 319 ).
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12. D ISC U SSIO N  OF M E T A L L O G R A P H IC  R E S U L T S
12.10
Because of the fine scale transform ations involving to , quenched 
and early  ageing m icrostructures of the alloys investigated lack 
in te rest from  the point of view of the optical m icroscope. The 
absence of surface rumpling so characteristic  of most m arten - 
sitic transform ations — e.g. Zr-(1 - 2.5)% Mo, Zr-(2 - 5)% Nb — 
while reducing the number of topographic and orientation re fe r ­
ences dem onstrate some important implications of such fine 
scale transform ations. Where rumpling occurs such as in 
ft o<, the atomic displacements effected by the transform ation 
a re  co-operative.^29,180-182 jn the quenching transform a­
tion, the atomic displacements are  such that the glide vector pos­
sesses  negative and positive signs!3,129 (Figure 29, page 299). 
Furtherm ore, the magnitude of the vector is much sm aller than 
for the
Another resu lt of the fine scale + ^oVransl° rm al ion is
to render the product phases indistinguishable with the optical 
m icroscope. Except for grain boundary and ft delineations,the 
etched m atrix of + ^ p ro d u c e s  a uniform shiny surface.
This observation is true of all jS-zirconiumll>129 and titanium 
a l l o y s ^ 3>14 which form  (^mb + ^o)and {fi0  + ^ J ^ o n  quen­
ching. Replica electron m icrograph resu lts  obtained at 20, 000 
magnification fail to reveal the rea l texture of uy . In agreem ent 
with this observation, Croutzeilles et a ll^6  and S tieglerl^? examin­
ing thin foils at 40, 000-200, 000 magnification were only able to
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dem onstrate the rea l texture of aged bulk W ( ^ a^). The X -ray 
diffraction lines of aged iO coexisting with and a re  spotty 
and intense, implying that the partic les  are  large and non-coherent 
with the jb m atrix. Compared to the quenched distributions which 
a re  only barely distinguishable by virtue of a surface granulation 
effect 19^ at 4 0 , 000 magnification, u>a^ represen ts a 1000 A dia. 
and 200 A thick non-coherent particle (quenched distribution 
^  300 A dia and 20 A thick!29o) o The reasons for the difficulty of 
resolution of the quenched u> texture are  to be found in the two fold 
aspects of fine scale transform ations. C learly ,sm all scale atomic 
displacem ents which a re  cancelling vectors are  im portant. Equally 
responsible is the equivalence of the b .c.c. — hexagonal structu res 
which the + ^ d e m o n s tra te s  (see Appendix B). In the
quenched condition, the hexagonal u? structure possesses a c / a  
ratio  of about 0.613; it is coherent and i indistinguishable from  the 
boC.Co structure except by means of careful analysis of diffraction 
in tensities.16,129,178-182 On ageing, the c / a  attains a value be­
tween 0.622 and 0.625 which destroys this lattice equivalence.
This p rocess is accompanied by coalescence of ay partic les and
h a r d e n i n g .  16? 129 ^  jg ^  jogg ^  coherence with the 0 m atrix,
the resulting reduction in stra in  and the la rger partic le size that 
cause diffraction lines to become sharp and spotty.H?129
1 2 . 2 .  j&-»- (tc^b +f> +«c), (0e + &■)
After-etch tarn ish  associated with the em ergence of the o i phase 
is observed in most f l -zirconium  and titanium alloys. Although 
there is no evidence that the cause is  understood, it is c lear that
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tarnishing occurs only when the specimen comes into contact 
with a ir  after removal from the acid m ixture. Furtherm ore, t e r ­
nary alloys containing aluminium, in particu lar the 7% Mo-3% Al 
ternary , show some resistance to tarnishing. In view of this 
alloys resistance to the decomposition of and subsequent fo r ­
mation of during ageing, there is some indication that tarnishing 
occurs only after a certain  proportion of the m atrix has tra n s ­
formed to iX . I n  further support of this view, it is noted that 
the f irs t  diffraction evidence of oc in coexistence with and £
1 hour at 550°C),an occurrence not visually detectable, is 
not accompanied by after-etch  tarnishing. The m suit of tarnishing 
is to obscure m icrostructural details that obtain with the form a­
tion of the o< phase.
From  the diffraction resu lts  it appears << exists in at least two 
form s. Newly formedc*C produce diffuse diffractions suggesting 
s tra in  and sm all partic le size. The o i coexisting with j?e at 
advanced ageing tim es (1 week at 550°C), produce sharp d iffrac­
tions with doublets at high angles. The form er distribution is 
probably in a s tressed  condition. S tressed oc has been observed 
in Zr-50% Ti by Ginsberg,^5 by A rm itagel8 8  in the ageing of 
P -titanium  alloys and has been indicated in a review by 
MacQuillan.13 The appearance of split lines at high angles for 
distributions coexisting with suggests that the partic les 
a re  la rger and relatively s tre ss  -free . Although it is  not pos­
sible to distinguish between these two o i  distributions with the 
optical microscope, there is at least one indication that s tressed
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o i  may have formed by an isotherm al m artensitic p rocess. The 
m icrographic evidence is in connection with the fine lenticular 
appearance of a few o i areas which become disrupted with ad­
vanced ageing. Recently A rm itagel88  has reported the fo rm a­
tion of isotherm al m artensite in a thin-foil (x40, 0 0 0  electron 
micrograph) ^ -titanium alloy. The suggestion in the ageing 
of a (£0 +(3 ) alloy is that as the composition of approaches 
the CO/( U/ + ft ) boundary (Figures 49, 83 pages 307, 330 ), 
the c<Ms is passed and this causes some to form by a diffu- 
sionless p rocess, presumably via to -*•<><. . Such o i may initially 
appear linear but as diffusion p rogresses, it will lose its  linear 
character. In contrast to the o i phase which form s by virtue 
of ageing transfo rm ation^ '^ re ta in s its severe line markings 
during ageing. Photom icrographs of aged Zr-1% Mo alloy by 
Miodownik and E liasz show that o i! line markings a re  still in 
evidence at advanced ageing tim es. The observation is true 
of other z i r c o n i u m ^ ? 228,237 an(j titanium a l lo y s ^  which
form oi or(pt+u>) on quenching.
12.3. ON THE IDENTITY OF f i *
ft p late-like precipitates seem to occur in most ft stabilised 
zirconium alloys, including the system s Zr-Mo,9?10 Zr-Nb,H>12 
Z r-V 11 and Zr-U275e y ery sim ilar precipitates a re  found in 
water-quenched T i-Cr,2?4 T i-Z r,85  T i-Z r-N b ^  alloys. The 
precipitate has been attributed to the presence of hydrogen.
The resu lts  of experim ents reported here indicate that p p re ­
cipitates a re  at least hydrogen induced if not actual hydride
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phases . The argument that they are  not necessarily  hydride 
phases re s ts  upon the following facts: -
1 No X -ray evidence of zirconium hydride has so far been 
obtained in these specimens, even from a microbeam exa­
mination of a grain containing over 20% p la tes.H  There 
is, however, evidence of a b„c .t. structure reported lately 
by Hatt which might a lte r the situation.
2 Unless the super saturation solubility of hydrogen in 
quenched is less than 50 p .p .m .the precipitation of 
hydride phases in water quenched specimens is unlikely. 
Since this problem hinges on the solubility of hydrogen in 
m etastable P  it should be pointed out that solubility 
figures a re  scant in published repo rts . The final outcome 
will depend of whether the extrapolated f i / (  @ + $  ) boun­
dary in the Zr-H  system  in tersects the tem perature ordinate 
at:
(a) above room tem perature at zero per cent composition .
(b) about 0°C ■
(c) much below 0 °C .
For (a) would indicate that even a few p.p.m . of hydrogen 
may not be to lerated in quenched ft as indicated by the 
m icrographic evidence of binary alloys. The condition (b) 
allows for more hydrogen in solution. The condition (c) 
would indicate that up to between 4-10 atomic per cent 
hydrogen may rem ain in solution in a quenched p  alloy at 
room tem perature.
3 Even allowing for extrapolations (b) and (c), considering
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the amounts of hydrogen involved in water quenched alloys 
(<  50 p .p .m .),there is a disparity between the observed 
volume of ft" plates and the calculated volume per cent 
representing these hydrogen am ounts.
In favour of the hydride hypothesis a re  the following micrographic 
fac ts :-
To base the precipitation of p solely on the solubility of 
hydrogen in m etastable $  may be erroneous since the 
quenching transform ation resu lts  in ^m b + $>• ^  may 
thus be expected that with increasing composition, quenched 
alloys reveal progressively few p precip itates. This is in 
fact observed in the 7% Mo-3% A1 ternary 'alloy . The evi- 
dence is further supported by the fact that p plates a re  
rem arkably absent in water quenched Zr-(25-30)% Nb a llo y s .*32 
In these alloys the $ is fully retained with respect to ^ mb»
It may thus be concluded that hydrogen is better accommodated 
by p0  than by
If the above interpretations lack clarity , there is certainly no sug­
gestion that /^m ay be oo for the following reasons: -
1 The amount of found on ageing in the ea rlie r stages in- 
creases from 5-95% while the proportion of p plates in the 
m atrix rem ains constant or decreases only slightly.
2 No particu larly  intense vo lines have been detected by m icro - 
beam examination of a grain containing a large proportion of 
^  platelike p recip ita tes.H
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3 While the maximum of 3 orientations dem onstrates that 
the $  habit plane is (1 0 0 h ,that for is known to be 
(1 1 0 ) 11,132.
12 .3 .1 . Orientation Relations with f t  '
The relative absence of line markings accompanying the
(j^mb + ^o)transform ation makes it necessary to employ
//j8 line m arkings as orientation references. The orientation
6 "of the grain can be determined by the disposition of p p lates. 
Most common are  single plates of identical orientation. How- 
ever? plates may also lie 90° to each other and possess equal 
thickness. On the other hand,plates of d issim ilar thickness 
may lie 90° to each other. Lastly 3 plates may be positioned 
to form  an isosceles triangle. According to H a t t ie  the tr ia n ­
gular p  disposition are  associated with I 111]? , the TL f dispo­
sition of equal thickness are  associated with jlOOl while those
c i  ^of d issim ilar thickness are  formed on .jllOj^ (Figures 81(a),
(b) and (c).). In support of these crystallographic orientations, 
it is found that chemically etched triangular p its a re  associa­
ted with triangular disposition and square pits a re  often 
associated with ’L ? or straight precip itates.
12.3.2.  Possible M echanisms Underlying p  Morphology 
Changes
T here are  several mechanisms which might account for the 
observed changes in morphology. The changes may be due 
to :-
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1 Growth of the precipitate at the expense of the m atrix 
(Figure 82a,page 329).
2 Absorbtion of the precipitate by the m atrix (Figure 82b).
3 Resolution and precipitation of the plate precipitate in 
a changing m atrix (Figure 82c).
The suggestion of resolution and precipitation is particularly  
attractive if it is assum ed that p"  precipitates a re  hydrides.
At ageing tem peratures above 400°C,the hydrogen may be 
expected to be in solution and the ageing transform ations invol­
ving <o 9 p  and c< will resu lt in a changing m atrix. Quenching 
from ageing tem peratures is unlikely to produce the linear 
crystallographic faults which the drastic  quench from  1000°C
may cause since no major phase change is involved. It is  th e re -
n//
fore reasonable to observe a redistribution of j? which reflect 
diffusion.
From  the point of view of the kinetics and mechanisms of 
decomposition, the amounts of hydrogen encountered in water - 
quenched alloys do not play any significant ro le. It is however 
observed that when large amounts of hydrogen (1-3 at.%) are  
introduced, the as-quenched hardness is increased but the age­
ing hardness is reduced. As pointed out in section 13.1. 5., 
the observed behaviour is not consistent with the raising or 
lowering of the ( to + p ) boundaries.
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13. G E N E R A L  C O R R E L A T I O N  O F  R E S U L T S  AND 
D I S C U S S I O N
Further elucidation of £ transform ation characte ristics in z i r ­
conium-molybdenum alloys may be achieved if hardness, x -ray  
diffraction and metallographic data which have been presented 
separately are  now jointly considered. As the explanation of 
im portant transform ation features, such as the effects of hydro­
gen and aluminium on the reaction, employ the interactions
of ocMs and £a)Ms , it is necessary to locate the relative positions 
of these lines.
13.1. IMPLICATIONS OF METASTABLE CONSTITUTION
13.1 .1 . Positions of <xMs and toMs
Given the Zr-M o equilibrium and m etastable diagram, the posi­
tions of the <x.Ms and wMs may be roughly determined rem em ­
bering that in strong stabilising system s, the ranges may 
overlap somewhat; thus:-
1 Reference to the Ti-Mo system  (Figure 35, page 301) would 
suggest that the e*Ms in the Zr-M o system  trav e rse s  the 
eutectoid tem perature at a composition between 1 and 2 at.
% Mo.
2 The observation that the as-quenched hardness peak, caused 
by the formation of 100% on quenching, occurs at 2. 5% 
M09,11,268 im plies that the composition range Xg - X4 
(corner insert, Figure 83,page 330 ) is represented by
2. 5% Mo. At this composition, the wMs - Mp span is g reat-
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est and probably above room temperature^, Thus the *< Ms 
in tersects the co Ms at some tem perature near 600°C at 
2.5% Mo. The coMjp in tersects the 2. 5% Mo vertical at 
some tem perature T as shown.
3 These positions of the ocMs , toMg and coM -p  satisfy the 
following conditions: -
i On the low composition side of the 2. 5% vertical,
/the phases obtained on quenching are  c* +
. (x2 - X3 , Figure 83 insert, page 330).
ii on the high composition side, the phases are  wm + ^o 
(x4 - x 5)
iii on quenching the alloy X2 the proportion of 10^  in the 
mixed (k>m + ^ p h a s e s  is the ratio  of the X£ and x^
(i.e. 2. 5%) verticals.
iv furtherm ore, the composition 7.5% is located by the 
vertical at the intersection of do Ms and T in order to 
meet the experimental observation of full f*> retention 
0  x5).
4 As mentioned ea rlie r  (page 209) the widest sections of 
the ( (o + p ) field coincide with the steepest sections of the 
related  boundaries and these occur at 400°C and below.
These positions of the Ms are  in good correspondence with those 
of Z r-N b lM 2  (Figure 49 ,page 307),Ti-M o and Ti-V,, (Figure 35, 
page 301 ), and exemplify the principles of <*MS/  <-0 Ms in te rac­
tions discussed ea rlie r in the theoretical section (page 1 2 2 ).
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13 .1 .2„ M etastable Constitution Reconsidered
Although the m etastable boundaries established in sections 8„20 3. 
and 10.3 satisfy the hardness and diffraction resu lts , there a re  at 
least two factors that require attention: -
1 The disparity in the composition extrapolated and p re ssu re - 
induced oO param eter values (see, A and B in Figure 76).
2 The apparent contradiction in the slope of the ( + to ) boun­
dary as suggested by the hardness and param eter resu lts  of 
the alloys investigated (i.e.negative slope) and the expected 
ageing hehaviour of low composition alloys as implied by 
Figure 72 (i.e.yielding a positive slope).
McQuillan and Miodownik2?6 have indicated the possibility of an 
( o* + 10  ) field whose boundaries could possess positive slopes.
A development based on Ms -Mp interactions is  shown in Figure 
84 (page 330). These diagram s are  sim ilar to those employed in 
dem onstrating the sequence of phases which occur on quenching 
(Figure 24, page 297) except that they take full account of the allo- 
tropic relation between and (0 ; thus fi/oL  (Ms -Mp),
f> /vo  (Ms -Mjr) and o t/u z  (Ms -Mp) as shown in Figure 84(b). The 
associated transition tem peratures being 862°C, 690°C and some 
low tem perature T( c* /*o ) obtainable by extrapolation of the 
P /o< / to  T -P  diagram . It may be recalled that Pfiel^2 had r e ­
m arked that the discontinuity in the e lectrical re s is tan ce /tem p era - 
tu re at 20°K may signify a phase change in zirconium (page 78). 
Where the e<Ms -Mp overlaps t©Ms -Mjp (shaded area  in Figure 84
a, b and c), a lim ited field is defined in which the simultaneous for-  < f
mation of p 0, oi and 6o m may occur. This may well have only 
theoretical significance since in practice, the speed of the *0
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reaction will imply that is not observed. The resulting diagram 
may more properly belong to a peritectoid system  (Figure 84(d)) 
were it not for the fact that the observed ( f t e  +°< )/(<*> +  compound) 
m etastable boundary which is an extension of the ( o i + f t ) / f t  boun­
dary ^ , 2 2 0  ^oes n0£ coincide or at least lie near the ( to  +  ft ) /
( f te  + &  ) boundary. This condition may be fulfilled by postulating 
a further interm ediate ageing step between the f t e  reaction
during which is stable. Such an assumption is not unreasonable 
since the marked param eter drop from a pr  to a f e  also defines a 
* three-phase region (not to be confused with the theoretical th ree - 
phase field defined earlier) lying within the ( to  + ft ) field and 
whose reaction details a re  undetermined. Alternatively, it could 
* be argued, on the basis of the clustering hypothesis put forward 
by McQuillan, 13,88 the effect of solution treating near the 
( o t  + f t ) / f t  transus is to cause clustering (i.e. f t f t  v) - Con­
sequently the observed position of ( o i + ft ) / f t  boundary may be 
higher than for the ideal f t  solution with respect to composition.
If the adjustment were made to represen t a non-clustered condi­
tion, the extention of the (a> + f t ) / (  +ot ) boundary would lie 
close to the m etastable ( oo + ft ) field and so justify the p eritec ­
toid postulate.
A single phase to region is thus indicated (Figure 84(c) and (d)) 
separating the ( + w  ) and ( iO + f t ) fields as would be expected 
from  ”phase diagram ” principles. The incorporation of tem pera­
ture (i.e . m etastable peritectoid tem perature) and composition s ta ­
bility components m erit attention since u) is now treated  as an 
allotrope ra ther than an E lectron phase* as suggested by current 
to -prediction th eo rie s .14,241
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s t a b i l i t y a  pe*4fe&eita?d-p ookikfefre-tgeaito i^ ao -an allots op&« 
f^e f^i'Q ctabiMty■'de^eixte-wfton'to'mpor'atttr^ ae.-w ll as ^Qmpocitia^
13.1 o 3. The Effect of Aluminium on Quenching
Transform ations
That aluminium induces more to form by raising the a>Ms 
is clear f rom the higher as-quenched hardness of a Zr-5% Mo- 
1, 5% A1 ternary  alloy (350 compared to 328 V JP.N.for a Zr-5% Mo 
binary alloy). The diffraction pattern of the quenched ternary  indi­
cated the p  phase but without the (400)^ line. It can be reasoned 
that in this respect, aluminium only acts to increase the propor­
tion of and that the decomposition of |5 (i.e. + Ae)
for alloys within the composition range 2.5-7.  5% Mo whether alu­
minium te rn a rie s  or molybdenum binaries is essentially the same. 
On the other hand, the additions of 1 and 3% A1 to Zr-7% Mo yield 
identical quenched hardness (292 V.P.N.) which,unlike the 5% Mo-1.
1. 5% A1 ternary  value, is lower than that for the binary base 
Zr-7% Mo. The presence of the (400^ diffraction in the quenched 
7% Mo-3% A1 ternary  im plies that the £> phase is completely r e ­
tained. The absence of this line in the quenched Zr-7% Mo-1% A1 
pattern would indicate the presence of ^ mbo However, in view of 
the fact that these compositions are  in the neighbourhood of the 
critica l composition for full (3 retention, the amount of 
which reduces the intensity of the (400) diffraction to zero is 
very sm all indeed, possibly < 5% of the quenched m atrix. Clearly 
with the trav e rse  of toMs (see o>Ms at T in Figure 83, page 330), 
any attem pt to engage it at higher compositions must be at lower
\
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tem peratures of quenching, otherwise the effect would be to stab i­
lise p  . This view is consistent with the quenched hardness and 
X -ray  resu lts  of the 7% Mo-1% A1 and 7% Mo-3% A1 ternary  alloys. 
It probably explains the apparent p  stabilisation by oxygen in a 
Zr-50% Ti alloy reported by Hatt a n d  W i l l i a m s and confirmed 
by Gridnev et al.84 The hardness contributions to quenched 
alloys within the 2. 5-7. 5% Mo range may be contrasted with 
those of alloys outside of this range ( i .e .>  7% Mo) to imply that 
the effect of aluminium, though raising the w?Ms , is not uniform. 
The resulting ujMs will therefore not necessarily  follow the con­
tour of the original coMs . This fact will influence the choice of 
binary composition that will yield the highest as-quenched hard ­
ness upon adding aluminium.
13 .1 .4 . The Effect of Aluminium on Ageing Transform ations
In contrast to the hardening behaviour of molybdenum, aluminium 
when added to Zr-M o increases the ageing hardness generally 
associated with The formation of itself is p rog ressive­
ly delayed; it is stable at higher tem peratures and its  decomposi­
tion to oi is retarded  with aluminium additions. Higher ageing 
hardness a re  observed in some complex titanium alloys con­
taining aluminium such as Ti-16% V -2 .5% Al, Ti-13% Mo-1% V- 
4% Al221 and in view of the very positive slope of the ( o i  + $  )//B 
boundary for the system  Zr-A l, explanation is f irs t sought in the 
wider ( W + ) field achieved with the m etal. Application of the
lever rule (Figure 83, page 330) to the field slightly widened by 
a ra ised  (h S  + |5 ) / { $ e  + o i  ) boundary yields a la rger proportion 
of to with respect to some composition x $ . In view of the fact
that aluminium shortens the p  interatom ic distances (see the 
lattice param eter/com position  curve, Figure 75 and also 
Miodownikan<l:Eliasz9 and P earson150) and is reported to cause 
ordering , 00  the increased hardness and resistance to decompo­
sition may consist of factors other than the formation of non­
coherent to as is the pattern in the binary alloys. Oxygen, nitro 
gen and carbon having a sim ilar type of ( + £ ) /f>  boundary
may be expected to show higher hardness by sim ilar reasoning. 
They in fact cause high as quenched and aged hardness which 
may not always be due to to formation (the oxide, for example, 
is inherently hard). Furtherm ore, according to DeLazaro and 
Rostoker^ 0 (Ti-Mo alloys) Holden, Ogden and Jaffee0 0  (Ti-Mo 
alloys), Hatt and Rivlin0 0  (Zr-Nb alloys), the us reaction is 
accelerated and the general decomposition of f  hastened by 
the presence of these elem ents, in particu lar, oxygen. This is 
in marked contrast to the action of aluminium.
13 .1 .5 . The Effect of Hydrogen on Quenching and Ageing 
Transform ations
Taken together, the quenching and ageing behaviour of hydro­
gen ;bearing alloys appear contradictory and inexplicable on 
the basis of their hardness resu lts  alone. The postulation of 
a ra ised  to Ms to account for the induced hardness in quenched 
alloys im plies that the ( +  p  ) / (  + ° i  ) boundary is sim ilar
ly ra ised . The lower hardness of aged alloys is, however, not 
consistent with this la tte r suggestion.
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Hydrogen-induced hardness is reported by Craighead et a l ^ ^  
who found that the quenched hardness of an ( c< +  (> ) alloy, 
Z r - 8 % Mn, increased from  320 to 340 V.P JST.on the addition of 
about 6 at.%  hydrogen. This increase is le ss  than the observed 
value (330~>362 V.P.N., 3.3 at.%  H2 ) for the § Zr-5% Mo alloy. 
It should, however, be pointed out that Craighead’s observation 
is for an (<* + ^ ) alloy. At f irs t sight, the higher hardness of 
quenched ft alloys containing hydrogen appears odd since 
hydrogen is known to stabilise the phase (see equilibrium 
diagram , Figure 4, page 290). The assumption that this higher 
hardness is due to increased proportions of °n quenching
im plies raising the toMs by an additional proportionate vertical 
(Figure 83, page 330). Attempts to reconcile the stabilising 
effect of hydrogen with raising the toMs leads to the recognition 
and implications of differences in the ft stabilising capacity of 
solutes — an u  stabilising solute having the least P  stabilising 
capacity. Slopes of the equilibrium boundaries are  indeed stab i­
lity c r i t e r i a ^ ?  2 2 0  an(j #  is  reasonable to assum e that m eta­
stable boundaries are  affected by sim ilar ru les as are  operative 
under equilibrium conditions. Table 45 would imply that even 
though hydrogen is a f t  stab iliser, it might cause the s£Ms for 
Zr-M o, Zr-Nb and Zr-M n to r ise . If the Ms does not r e s ­
pond in a sim ilar manner then this argument is false and can- 
not apply. Furtherm ore, it may be asked why the 7% Mo-3% A1 
te rnary  yields the same hardness as the 7% Morl% A1 acting 
as though it does not engage the t*Ms and yet obtains a higher 
hardness in response to hydrogen. In view of the above d iscus­
sion it is  suggested276 that hydrogen causes other reactions
TABLE 45
Slopes of ^ M g in some ^ - zirconium and f t -titanium system s
Alloy system
Average Slope
of w M s (°C/At.% Solute) Ref
Zr-Mo -65.5 C ur­
Zr-H -  -19 rentr e ­
Zr-Nb -25 sults
Zr-M n -85 1 1 , 1 2
Ti-Mo -90 76
Ti-H -19
T i-F e -103
T i-C r -78
Ti-V CO1
Ti-Mn -85
which modify the main ( ^ m b  + /^ tran sfo rm atio n  in these 
-zirconium  alloys. Thus in order to resolve the apparently 
contradictory evidence of quenching and ageing behaviour, the 
following hydrogen-induced reactions may be postulated: -
1 Increased proportions of via the reaction, ( ^ n b  +
2 D irect precipitation of hydride not necessarily  since the 
distribution of this phase rem ains unchanged for alloys con­
taining more than 0.3 to 0. 5 at.%  hydrogen.
3 A eutectectoid interaction involving , v j and hydride.
4 The formation of a m etastable hydride whose f> -(Z r Hx) 
bonding is unknown.
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13.2. KINETIC ASPECTS OF @ DECOMPOSITION
Hardness, metallographic and X -ray diffraction data clearly  
establish the pattern of P decomposition for the binary and t e r ­
nary alloys investigated. There is general agreem ent with other 
P -zirconium  alloys — viz; Zr-Nb,H>12 Z r-V ,H  Z r -C r l l  — 
and very good agreem ent with the Zr-Mo alloys reported by 
Domagala228?268 an(j ^is coworkers. Decomposition of the 
phase occurs in two stages — quenching and ageing. During quen- 
ching?the P decomposes into a phase m ixture of to  and P the 
proportions of these varying with composition. Maximum 
retention occurs at 7.5% Mo and beyond; the resulting 0 O a l­
though fully stabilised with respect to the hardening distribution 
of co ( Comb) does contain undetermined quantities of type. 
The ageing transform ation sequence may be conveniently group­
ed into three, depending on whether the tem perature is above 
550°C, between 400 and 550°C or below 400°C. Omitting the de­
ta ils  , they can be written simply as: -
(1) > 550°C (P> +oij-*-(p<+ compound)
(2) 400-550°c(j? +i&r(p +w P +<*->•(£ +<x
+ compoun<|^-^ + compound)
(3) < 400°c(j2> + w)* |5 + i*j j
P  +
From  the kinetic point of view, the alloys investigated may be 
considered as partially  stabilised or fully stabilised p  in as
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much as compositions less than 7 .0 -7 . 5% Mo do not retain  /3
ching. jS stability is used with reference to the hardening d is tr i­
bution of Co (to  mb)? since the fully retained ft generally contains
For the partially  stabilised alloys (i.e. 5, 6 , 7% Mo binaries,
5% Mo-1. 5% A1 and 7% Mo-1% A1 ternaries) the ageing tran sfo r­
mation sequence a re :-
P
W ater-quenched from  1000°C 
Aged at 550°C
fully while higher compositions yield fully retained f t  on quen-
undetermined amounts of
(10-40 m)
P  e +°* + P  
(30-72 h)
(0 .5-3 . Oh)
+ o4  + compound +
( 1 wk.)
Aged at 500°C
P — + ^ ab-p +pt +°t + P
(fo + Snb + *md +f )
Aged at 400°C
♦  p o  + H nb + ( w mb~* LOab) ^ ab  4
0 r + w£b + ^  (1 wk.)
[ fo  + V^ab + °\nd + P )
For the fully stabilised alloys (7% Mo-3% A1 and possibly 7% Mo- 
1% Al) the sequence may be written: -
served for high binary compositions such as Z r - 8 % Mo^ 
and Zr 17-30% Nb^?12 is rem arkably strengthened by the 
introduction of aluminium. Many complex heat-treatable 
$ -titanium  alloys (e.g.Ti-16% V-2.5% Al,Ti-13% Mo- 
1% V-4% A1^21) employ aluminium or other o i -stab ilise r 
as a second alloy addition. Retention of the ft phase on 
quenching perm its the ir mechanical forming. They are  
then aged to produce a higher hardness than is possible
Aged at 550°C
+ *ab-p ^ r + w ab-p +c*°
v
The persistence of P  and to in these alloys although ob-
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in a binary of equivalent composition, the oo phase exhibiting 
great stability (c.p.the aged hardness of 7% Mo binary and 
7% Mo-3% A1 ternary  at 550°C Figs 62 and 65). To con­
tinue with the transform ation sequence in these fully 
stabilised p  -alloys, a low tem perature treatm ent y ie lds:-
C learly ,for these as well as the partially  stabilised a llo y s, 
the tem perature is too low for effective diffusion and the 
transform ation does not go to completion. The equivalent 
tem perature for -titanium alloys is 3 5 0 ° C . 1 3
Summaries of the ageing transform ation sequence for the 6% Mo 
binary (partially stabilised alloy) and the 7% Mo-3% A1 ternary  
(fully stabilised (b alloy) are  presented in the form  of two T .T .T . 
curves (Figures 85, 8 6 , page 331 ). The resu lts  of Domagala 
et al^28 for a d irect isotherm al treatm ent of a 5.4% Mo binary 
are  superim posed on the 6% Mo curve (Figure 85 page 331). The 
following differences should be noted: -
1 Results of the present investigation are  derived from  quench- 
age treatm ents while those of Domagala et al come from  
direct isotherm al treatm ents.
Aged at 400°C
*“f o  + ^ m d  + ^ a b J ^ f o - r  + w ab
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2 D isparities in the kinetics arising  from  this difference are  
more glaring for partially  stabilised alloys than fully s tab ilis­
ed alloys.
3 It is  thus notable that while the ( $ + to ) and ( $  + w + <X ) 
regions are  not observed above 50Q°C,all the alloys investi­
gated show these regions for up to 10 minutes and 1-30 hours 
respectively at 550 and 500°C. The resu lts  of Miodownik and 
E l i a s z ^  for 4, 6 and 5% Mo binary alloys confirm the existence of 
these phases at 550°C. Equivalent alloys o f  Zr-Nb (10-15 at.%  
3Mb) whether quench-aged^ or d irect isotherm ally t r e a t e d ^  
dem onstrate ( & + v J ) and ( + id + oC ) for ra ther le ss  tim es
at 550°C.
4 The incubation period preceding; the reaction 
though short (0.11 minutes at 400°C and 1. 5 minutes at 500°C) 
is observable in the d irect isotherm al resu lts  of Domagala.
In the quench-age resu lts  of the 5, 6 and 7% Mo binary a llo y s, 
no incubation period is observed since the jS phase undergoes 
some decomposition during quenching. In contrast to these 
alloys the 7% Mo-3% A1 may well show an incubation period of 
one or two minutes as evidenced from  the late tim e position of 
its  hardness peak — 30-60 minutes compared to 10 minutes for 
the 5 and 6 % Mo binaries (Figures 59, 60 page 323 ).
The general effect of solute additions is to increase the stabilisation 
of the j3  phase. For binary alloys of zirconium and titanium this 
tendency is reflected in slower ra te s  of 0 decomposition (implying 
g rea ter persistence of the co phase once it form s) but the hardness 
obtainable on ageing is progressively diminished. The hardness and
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diffraction resu lts  of the aluminium te rn a rie s  suggest that $ 
decomposition is resis ted  both with respect to time and tem pera - 
ture« After a week at 550°C, the 7% Mo-3% A1 ternary  s till p o sses­
ses the higher plateau hardness it achieved after 1 hour of ageing, 
while a 7% Mo binary shows two drastic  reductions. The phases 
in the ternary  alloy are  & + uj + but the $ distances a re  
hardly as yet equilibrium values. By contrast, the 7% Mo after a 
week at 550°C reveals only a minimum quantity of and s tre s s  - 
free p i . The higher hardness obtainable with aluminium additions 
a re  explicable in te rm s of the metal* s ability to ra ise  the 
( vO + ) / (  Pe +oC ) boundary and so enable a la rger proportion
of t o  to coexist with 0 at any composition. The resistance to 
decomposition which aluminium seem s to possess is no doubt 
reflected in its  g reater bonding pbwer as evidenced by the shorter 
JZ distances. Aluminium induces ordering in 8 -zirconium ^? 
and titanium alloys*^ and it may well be that this factor plays a 
part in the age hardening process.
Finally, it would appear from  the "hydrogen” experim ents that 
the amounts present in water quenched alloys do not affect 
the kinetics of transform ation in any observable way. The 
rem arkable absence of f i"  in fully stabilised alloys (7% Mo-3% Al)
would seem to suggest that hydrogen is more soluble in quench­
ed p than in to mb *
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13.3. IMPLICATIONS OF TRANSFORMATION MECHANISMS
While this investigation has not been directly concerned with the 
mechanics of ft -transform ation, it is fa ir to indicate that the 
resu lts  do not contradict existing notions on the atomic displace­
ments necessary  for the decomposition of the ft> phase. Consider 
the + j?0^ m artensitic transform ation for which m icro­
graphic examination reveals no evidence of surface rumpling. A 
most plausible resolution of such apparently contrary evidence 
is to adopt the findings of Hatt and Roberts* 1*129 that the atomic 
displacem ents are  not co-operative as in the transfo rm a­
tion but cancelling (i.e. the displacement vector is tg )  and 
lim ited.
Details of the ageing transform ation sequence , such as in 
[ f t  + +°^)?are  often omitted by investi­
gators because it is not known whether the formation of a product 
derives from  one, two or all the reactan ts. Thus in the above s e ­
quence one needs to know whether the transform ation mechanics 
with respect to c< is  or or both. The low
solubility of molybdenum in &)ak_p and m etastable (see Figure 
80, page 329) would suggest that a mechanism exists for the tra n s ­
form ation ^ ab -p ”^  . ■ In support of this belief the resu lts  of
"p ressu re"  experiments^?? with pure zirconium and titanium 
establish the reality  of the transform ation. The mechanism
for ft '■£* (A transform ation is well e s ta b lis h e d ^ ? ^ -4 6 M artensite 
reversion  experim ents by Cometto et al (Zr-Nb) have dem onstrated 
ft bJ . It could therefore be argued that transform ation mechanisms
269
exist which connect all three phases in either direction th u s^
If form s <^ r  then the resulting o^rich in solute atoms „ 
would be expected to yield d e  if the ageing process continues.
The norm al ageing of (see for example, Miodownik and E liasz^ 
on the ageing Z r-1 . 5% Mo, or W illiams and G ilbert22? on 
Z r-2 . 5% Nb) is equivalent to such a process in which a saturated 
o< phase loses solutes to attain equilibrium level.
H ardness and diffraction resu lts  a re  consistent with the view 
that it is  the bulk distribution of and not the 2 -dimensional 
’diffuse’ type that causes hardening. For the progressive stab ili­
sation of ft by solute additions produces lower hardness — m ini­
mum values reached in the quenched 7% Mo-3% A1 te rnary  alloy 
coincide with the appearance of the (400)  ^ diffraction implying 
the maximum volume of retained f . Equivalent compositions 
in Zr-NbH>12 a re  1 7 _3 Q% Nb. For these alloys Hatt and 
Robertsll>129,212 report undetermined proportions of 
but a complete absence of On ageing, such stabilised
alloys, the hardening is most probably caused by the coale­
scence**5, *29 0f in a reaction, [f!>0  +tOm^  ( f i0  +
+ coab_p^,which fits the observations on the 7% Mo-3% A1 
te rnary  alloy. Since the quenching of such an alloy does not en­
gage the to Ms and yet contains comcj, the question may be posed 
whether tOm(j is  formed m erely by traversing  the m etastable 
(uO + P ) / (  ft e boundary and whether the formation of d irect 
isotherm al bulk-to (See Cometto*2) depends on the initial fo r­
mation of tOmcp
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The structure of m artensitic bulk (o ( ^m b) according to 
Silcock,!^ B agaryatskii,178,179 Hatt and R o b e rts^  9 is hexagonal 
but shows cubic sym m etry because its c / a  = 0.613 (see notes on 
equivalence of the structu res in Appendix B). The b .c.c . symm e­
try  is clearly  indicated by the diffraction pattern for quenched 
alloys. The pattern although suggesting a single phase b.c.c. 
structu re does not reveal the (400)^ . This fact coupled with the 
high as-quenched hardness of such alloys enables the deduction 
that the pattern represen ts a phase mixture ( ^  +  P ) both of 
which display cubic sym m etry. The appearance of extra d iffrac­
tion lines coincides with a change in the c / a  ratio  , 0 .613->* 0.622, 
when is aged. The hexagonal sym m etry of m etastable u )
(designated &>ab) is then clearly  established. The process is also 
accompanied by the growth of the io  partic le as evidenced by the 
spottiness of the diffractions. The hardening m echan ism ^, 129 
based on the effectiveness of interference with dislocation move­
ment by non-coherent id  appears reasonable in view of the high 
hardness associated with the spotty to diffractions. Thus hard 
coherent bulk CO becomes even harder by growth and subsequent 
loss of coherence with the ft> m atrix. If loss of coherence with 
the f t m atrix  is essential for increased hardening then an in te r­
esting implication ensues. It is  that alloys which yield the m axi­
mum amount of id  (usually^ 97% ) on quenching may not
obtain the highest aged hardness. On the other hand, the ageing 
hardness peak falls with solute additions. There is therefore 
an optimum composition between the all-to composition and 
the fu lly -re tained-^  composition for which the ( +/8 ) m ix­
ture produces the highest hardness on ageing. The significance
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of the slope of the plateau hardness/com position curve may now 
be appreciated (Figures 6 8 , 72,pages 325,326). The composition 
for the zero slope (3-3.5% Mo) will yield the highest ageing h ard ­
ness. The aged hardness values of 3.5% Mo alloy reported by 
Demagala et al,228 support this view. For the Zr-Nb system  
Hatt*l and Roberts show a sim ilar composition of 10-12% Nb 
(Figure 45, page 305). The precise  parts  played by partic le size, 
non-coherence, ordering and stra ins induced by solute exchange 
have not received attention in the proposed hardening mechanism 
by t o  . Genuine inflexions in the ageing h ardness/tim e plots 
particu larly  for the high tem perature treatm ents may well be 
attributable to the dominance of one or competition between 
these facto rs.
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14. P R O P O S A L S  FOR F U T U R E  WORK
The state of knowledge in the phase transform ations field is so 
advanced that the need is for more detailed and accurate infor­
mation concerning the fine scale decomposition reac tions. 
Investigators are  accordingly showing g reater preference for 
the more sensitive and selective investigational tools — elec­
tr ica l resistance, transm ission  electron microscopy and X- 
ray  diffraction methods perform ed on single c ry sta ls . P ropo­
sa ls for future experiments will therefore recognise the req u ire ­
ments for such detail.
Extensive quenching and ageing treatm ents may be perform ed 
on partially  stabilised and fully stabilised P alloys, in particu ­
la r, those of te rn a rie s  containing aluminium, since these hold 
prom ise of extending the tem perature stability of ui . Speci - 
mens may then be examined with the view of determining the 
following:
1 a M g, toMs and the ir interactions (these may be obtained 
by fast quenching, variable quenching and quenching to p ro ­
gressively lower tem peratures)
2a The effect of hydrogen on quenching and ageing tran sfo r­
mations — in particu lar, the relation between f '  and com!o , 
fc^md distributions.
2b Whether the cause of hydrogen induced hardness in quench­
ed specimens may be attributed to increased proportions 
of
2c An explanation for the lower ageing hardness of hydrogen 
bearing alloys in view of facts obtaining from  2b. (Phase
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identification in these experim ents would be necessary).
3 Careful m easurem ents to establish the m etastable boundaries 
bearing in mind the suspicions concerning the existence of
a m etastable peritectoid (section 1 3 .1 .2 .page 256 )•
4 Careful m easurem ents (possibly continuous intensity r e ­
cording at tem perature) to resolve some of the details of 
ageing transform ation mechanics and sequence - e.g. 
whether c< form s from  u> or |8 or both.
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15. G E N E R A L  C O N C L U S I O N S
The fi> transform ation characteristics of the zirconium binaries 
(5, 6 and 7% Mo) and zirconium ternary  alloys (5% M o-1 .5% Al,
7% Mo-1% A1 and 7% Mo-3% Al) determined in the present investi­
gation may be sum m arised in the following conclusions: -
1 In all these alloys the decomposition of the 0  phase to the 
final equilibrium products of c< plus compound involves the 
£0 -phase. This feature seem s common to all ^-zirconium  
and titanium alloys which dem onstrate an extended 0  field 
for which the solute atom is sm aller than the zirconium (or 
titanium) atom — viz, Zr-Nb, Zr-V , Z r-C r.
2a Regardless of composition, there a re  two physical d is tr i­
butions of to  —  a 3-dimensional or bulk variety and a 2 - 
dimensional distribution. It is the bulk distribution which 
is responsible for the observed hardness in both quenched 
and aged specim ens.
2b In partially  stabilised j& alloys such as the binary compo­
sitions investigated, the proportions of bulk co coexisting 
with p on quenching decrease with increasing alloy com­
position. This fact is reflected directly in the as-quenched 
hardness/com position relationship. In quenched fully stab i­
lised alloys, e.g. 7% Mo-3% Al, only the 2-dimensional 
distribution is found with the resu lt that the hardness is 
minimum.
2c The co phase in these as well as other ^-zirconium and
titanium alloys possesses a hexagonal s tructu re . In the quen­
ched condition it is coherent with the ji phase and because
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3a
3b
the c / a  ratio  is 0,613, the cell is equivalent to a cubic structu re . 
On ageing, both an<3 4 n d  undergo sm all atomic rea rran g e­
ments which a lte r the c / a  ratio  0o 613 to about 0.625 with the con­
sequence that separate lines appear to reveal the true hexagonal 
structu re of this phase. The effect of these atomic movements 
are  reflected in the hardness m easurem ents as a sudden in ­
crease  during the initial 15 minutes of ageing. This increase in 
hardness is inversely proportional to alloy composition in the 
binary alloys but directly proportional to aluminium (od stab ili­
se r  addition to Zr-M o binary) content in the te rnary  alloys.
During ageing, the ^ phase is enriched with solute atoms while 
the phase is simultaneously impoverished.
There are  three types of ageing reactions depending upon the 
tem perature of ageing; thus:-
The final equilibrium phases are  not obtained in the binary 
alloys (1 w .a t 50Q°C). Compared to those in the binary alloys, 
the ageing transform ation kinetics are  slower in the ternary  alloys 
containing alqminlum? the stage + t^ab-p  *s most prominent 
even after a week at 500oCo
“*(1) 550°C +<><—> + compound
-K2) 400-550°C
o(e  + compound
-►(3) < 400°C  ^ + wab
The effect of aluminium in the ternary  alloys is to ra ise  the 
toMs as well as the ( 0 0 + jB ) / (  j5e +°<) boundary,, P artia lly  
stabilised |3 binary alloys thus show a higher quenched hard ­
ness when aluminium is added. Because the toMs extends to 
below room tem perature for compositions greater than about 
7. 5% Mo, fully stabilised alloys do not respond to the effect 
of aluminium when quenched to room tem peratu re . On the 
other hand, both partially  stabilised and fully stabilised alloys 
containing aluminium yield higher ageing hardness since the 
ra ised  ( +  $  ) / (  + boundary enables la rger quantities
of 14) to coexist with 0
The m etastable ( K +lo ) and ( to + ft ) fields have been estab­
lished and indicated as belonging to a peritectoid system . This 
system  trea ts  the to phase as an allotrope with tem perature 
and composition components to its stability. It however, does 
not contradict the electron concentration factors regarding 
the stability of this phase.
W ater-quenched specimens generally reveal an additional 
phase, a platelike precipitate known as f i 'o  
f  i s  definitely hydrogen-induced. It may be a hydride phase. 
However, hydrogen in the amounts encountered in w ater-quen­
ched specimens does not affect the mechanics nor the kinetics 
of the transform ation.
L arger quantities of hydrogen cause increased as-quenched 
hardness but reduce the ageing hardness of both binary and 
te rnary  alloys. These resu lts  a re  not consistent with the ex­
pected behaviour and it is necessary  to design fresh  experi­
ments in order to resolve the observed anomaly.
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A9 Ageing causes progressive disruption of p p lates till they 
become round and uniformly distributed at advanced ageing 
tim es. The change in morphology of f  plates is consistent 
with diffusion of hydrogen.
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COOLING RATE ( t / S E C . )
F I G.33a. The effect of cooling rate  on eeMj(Ti-Z r.).
O 8 0 0
UJ
or
3  7 0 0H<
oj 6 OO 
a.
2
“  5 0 0H
2 0 4 0 60 80 IOO
Z I R C O N I U M  (AT. PER CENT).
F I G . 3 3 b .  « M j / co mp o s i t io n  f o r  t i t a n i u m  z i r ­
conium al loys!*1*'
8 5 0
O 7 5 0
65 0
a  550
4 5 0
,1IO I O' IO IO
R ATE O F  COOLING (*C/SEC.)
F I G. 33 c . The e f f e c t  of coo l ing  r a t e  on the  kM, a n d  wM, 
of a z i r conium-5% niobium alloy.*1*
9 0 0
3 , 0 0 0  °C/sec.
H a t t  and RivlinO 7 0 0
O »  d l l a t ome t ry ’ 
<§ <*> >-ray di f f racj Comctto et al3  5 0 0
111 3 0 0
- Suggested M. f o r  <o . '*■----* rod. \
- Ex t r apo l a t ion  proved incorrect,,
>
by x-ray and h a r d n e s s  me a s u ­
re ments.
IOO
•100
IO 2 0
9 0 0 i
2 O O eC /s  ec ■
H a t t  and Rivl in*1*'7 0 0
*- 5 0 0
a. 3 0 0
IOO
-IOO 5 IO 15
N I O B I U M  ( A T O M I C  PER CENT)
2 0
F I  G. 34 .  T r a n s f o r m a t i o n  t empera tu re^ ' ,wM, )  vs. c o m po s i t i on  a t  
cooling r a t e s  of 3 0  0 0  and 2 OO "C/sec.  (Zr-Nb alloys)
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1200 -I------- 1--------1—
•  Ms
IIOO s. Ti- H -
IIOO
IOOO
IOOO
9 00 - •\ \ ■\  \ 9 0 0
8 0 0 - V-t\ ■u 8 0 0
70 0
\ \ 7 0 0
IO 2 0  3 0
H Y D R OG EN ( AT .  1[)
20  4 0  6 0  8 0  IOO
Z IRC O N I U M (AT. PE R CENT)
1200 
I IOO 
* lOOO
J 900
“  8 0 03h-
<  1200 ai
tu I IOO 
^  IOOO
w 9 0 0  l-
8 00
5 IO 15 5 IO 15 5 IO 15 5 IO 15 20
S O L U T E  (ATOMIC P E R  CENT)
F I G.3 5. [(MS,T^-X] f o r  some t i t a n i u m  a l l oy s .
Ti-Ta
M^T.
Ti-W Ti-Fe Ti-Mo
Mi \
Soluk^O.2 db <|T3°K Solub^0.3a\ 673°K
Ti-V Ti-Cb Ti-Cr Ti-Mn
|m! 5o(ub »»0.4
Oo
u  8 OO
oz
7 0 0
6 0 0
5 0 0
4 0 0
---------- 1-------— i---------- ---------- 1---------- 1-----------1---------- 1--------- -
Onset  of f o rma t ion  as
ind ica t ed  by:
- ■ Re ta in e d  (J on
quenching ■
\ \ W x_ o Ha r dn e s s  maximum..
\ \
s. on quenching.
■ _______ i---------- 1---------- 1---------- 1----— —
5 IO 15
S O L U T E (ATOMIC PER CENT) 
F I G . 3 6. • ( M j . t e m p e r a t u r e y ' c o m p o s t i o n  f or some t i t a n i um  
a l l o y s .
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<
1 HR I DAY
TIM E MINUTES
>■
C r i t i c a l  c o m p o s i t i o n s  x 
below a r c  not  n e c e s s a r i l y  iden­
t ical with those opposi te .
S O L U T E  (AT. I )Zr
F I G. 3 7 .  Free energy composition curves genera t ing  e x t e n d e d  type  diagram shown.
tono
UI
Of3t-<0£
U1
a.
2ui»-
3W
Time min
F I G.39.  The e f f e c t  of oxygen on t r ans f orma t ion  
k i n e t i c s  a s  shown by the T.T.T. cu r ves  of
a Tl-IIJMo a l l o y 78
  0 0 2  wt.*j( O,  0 .3 5 wt . ^ f 0 ,
—O— 0.15 wt .^  04 - O -  0 . 5 5 w t . ^ 0 4
F I G . 3 8 .  T.T.T. c u r v e s  f o r  z i r - *18
conium molybdenum al loys.
303
o Que nc h- age  
• Di r e c t  i s o t h e  rmal
4 0  0  C
4 0 0  CO Q u e n c h - a g e  
•  Di r ec t  i s o t h e  rmal4 5 0 '  3 0 073----
>  4 0 0 250
3 5 0 200
3 0 0
z
z
Q 5 0  0
3 0 0  Co Quc nc h- age 3 0 0  Co Ou*n ch -a g «
• D i r e c t  i s o t h e  rma I4 5 0 <  3 0 0• D i r e c t  i s o t h e r m a l
x
4 0 0 250
350 200
4IO
AGEI NG TI ME I N U T EA G E I N G  T I M E  ( M I N U T E S
FI  G . 4 0 a .  Q u e n c h - a g e  and d i r e c t  i s o t h e r m a l  a ge i ng  F I  G. 4  0 b .  - O u e n c h - a g e  and d i r e c t  i s o t h e r m a l  a g e i n g  
h a r d n e s s  f o r  a Zr.-l27# Nb. a l l o y *  h a r d n e s s  f o r  a Zr- l770 Nb. a l l o y "
550
4  O 0  °C4 O O °C50 0
/  4 5 0
Quench- age Isothermal .I*- I so t he  rmal4 0 0 30-
0 203 5C
T—|—i—i—i—rT550 1— i— i— i— i— t ~ t T1—r T
3 0 0  °C3 0 0  C 50-o  5 0 0
4 0 -4 50
lsothermal-rA-'/  / f l u ,,o Qu en c h - ag e
3 0 -4 0 0 I sothe rmal
2 0 -3 5 0
0.2 05
A G E I N G  T I M E  ( M I N U T E S )A G E I N G  T I ME  (MINUTES)
.  is
F I G . 41. Q u e n c h - a g e  and d i r e c t  i s o t h e r m a l  ageing  p a t t e r n s  fo r  a Zr-I2jf Nb. alloy-
(
n a 
a 
)
4 5 0  - 
w
4 0 0  -w
UJ
2  3 5 0 * -
Q
0C
3 0 0  -<
I
2 5 0  -
4
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500
3 0  AT. °/# Nb. 
2 0  AT. \  Nb.
15 AT. X  Nb-
12.5 AT. X Nb.
IO AT. */ Nb.
6.8 AT.*^Nb.
A G E I N G  T E M P E R A T U R E  4 O O °C
4 5 0
w 4 0 0
•Q—
3 5 0 a T>'
3 0 0
2 5 0
1.0 IO IOO IOOO
A G E  I N G T I  M E ( H O U R S )
/ 130F I G .  4 2 .  H a r d n c s s / o g c i n g  t i m e  f o r  z i r c o n i u m  niobium a l l o y s .
/ t
IH ID I M IY
IO
A G E I N
IO1 IO IO* 10s
G T I M E  ( M I N U T E S ) .  
G . 4 3 .  H a r d n e s s / a g e i n g  t i me  f o r  Z r - I O£ N b "
IO"
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3 1 0  *
25 0 300-
■50 ws
2 9 0
I 50 2 8 0  Q
05  <
2 7 0  <IOO
50 2 6 0
I IO IOa
AGEING T I M E  ( H O U R S )
i 1---1 "I
F I G . 4 6 .  H a r d n e s s  and p r e c i p i t a t e  d i s t r i b u t i o n s  of  a 
Zr-2.5wt.^Nb. alloy aged at  5 0 0 ° C ^ 7‘
  H a r d n e s s .
O O Homogcneosly-nuclcated mat r ix  ppt. dia.
ULUlilfr M a t r i x  ppt.  s e p a r a t i o n  .
O----- □ Twin-boundary nuc l ea t ed  ppt.  d i a .
A----- ■a Twin bounda ry  ppt.  d i a .
>■----- *. O x i da t i on  r a t e  in a i r  a t  3 0 0 * 0 .
3.570
a <  3.560 -
or c
3.550
UJ
H 3.540 -
UJ
2  3.530 
<
a  31520
<
a
3.510 
°  3 5 0 0  
3.490
W+ £
' V o-
t  . . »r.
oj — m u  wO o w
i n  u t  m  >o ■o ■
" o  0  O . O
05 I 2 5 IO 2 5 IO 2 5 IO1
A G E I N G  T I M E  ( M I N U T E S )
F I G.  47. /i l a t t i c e  p a r a m e t e r  of  a Zr-12' / Nb. alloy aged  
a t  5 0 0 *C . ’a'
5.04«<
o: 5.03
502
z SOI
2
<  5.00
UJ
°  4.99
4.98
O
z
O Asrqu c rich e d .UJ
O
<
an
• Aged at  4 o o t  
for  4 0  hours.310
0 Inter atomic 
d i sts. in ]5.<  3.09
3.08
; IO I
N I O B I U M
2 0
PER CENT
u.
y ‘s m 3 w v a v d  3
fF I G . 4 8 b .  c o L a t t i c c  p a ramc t e r s /  c omposi t  i on (Zr-Nb.)
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u  4 0 0
\
*
\
V -« t Me'
Equilibrium bou ndari e s  
—  Metastable boundaries -  
(extrapolated t  experimental)
O From plat , hard/comp.
* Lattice parameter/comp, - 
A P la t ,  hord.jc omp.
+ f}^ P a r a m e t e r s ,
a From amounts of w and (3^ .
- L .
IO 2 0  3 0  4 0
N I O B I 0 M ( A T O M I C  P E P  CE NT)  
F I G. 4 9. The m c t a s ta b l e  ( w t / )  b o u n d a r i e s  f o r  z i r c o n iu m  niobium a l l o y s !1
O
° 9 0 0
UJ
ec
3 eoo
h» - 
<
7 0 0
UJ
a
2  6 0 0  
UJ
H
5 0 0
3,55 0 3 5 0 0  3.450
0  L A T T I C E  P A R A M E T E R  A
F I G . 5 0 .  M c ta s ta b l e  b oundari e s  a s  d e r iv e d  from
fi l a t t i c e  pa  ram e t c  r s  ^A f t e r  Comctto  ct  al ]> 
C o m p a re  wi th  F I G . 4 9 .
• <*+p»
a to + 0 
B R ev er s io n .
« Ret 1-09  r c s s i o n
( 1 0  + p )  
N b . ( a t  % )  —
Co, Nl, Mo 
P Phase only Cr ,  Mn,Fe
mill
D /  4.144 complete—^  
/  r e t e n t io n .
D°rE/A . ( V a l e n c e - ' 4 ) a t 2 t 4 0 0  IOO
Plots converge to E / .« 4 .0 0
2 4  e  8  IO 12 14 16
A T O M IC  P E R  C E NT  S O L U T E  I N 0 - Z R .  O R T I .  
FIG. 5 I. Plot  showing composition and electron concentration r an g e s  of 
m cta s tabl e  p hases '*
(a) Low Oxygen
>-
o
(5 ) High Oxyg en
UJ
UJ
UJ
u.
fc) Intermediate Oxygen
Composition rang e  
of p  with which** 
Is In equilibrium.
C O M P O S I T I O N
F IG .5 2 .  Hypothetical  fr  e e - e n e r g y / c  omposit ion
curves  f o r  *  and /  i l lustrating the e f f e c t  
of c lu s t e r i n g  in t h e  f  so lu tio n .*
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End Q. Zc*2.5/A\? End Q. Zr-|.570AI 9 Q. Ti-H?o Oa’3'
a i. L a m g I I a r —— interm e d i a t e  between massive and typical ^
EndQ. Zr-I^Mo Q. Zr-270Mo. XSOO. Zr-27MoO
Q. Zr-1.57 A 1 Q. Zr-2.570A!
D / 9
a ii. Typical o< s t r u c t u r e s -
P L A T E  3 S p e c i e s .
Q. Zp-2.5?„A !
310
b .  Rumpled topography of «<. 
Tl-l.5°/0 Cu quenched af t er  
poli shing . X 11 O O
e .  Internal structure of ex­
piates in quenched Ti-2.5?oCu 
Thin foil X 3 0 , 0  0  0
d. In tern al  s tructure  of 
In 1\~2S\Cm  quenched 
f rom -t he  f ield.  X 12 ,0 00
I n t e r n a l  s t r u c t u r e  of 
in Zr-2.S/Mb q u e n c h e d
** a?7
from A X 5 0 , 0 0 0
P L A T E  3 (cont 'd) .  / s p « c i  e s -
w m  m
311
Q. P' p ree  ipl t o t e s  in w a -
ia.
t e r  quenched Zr-i2/oN b .
P ( ? m * h )  + P'
c. W.q. ZM7£Nb-S°(Ti t e r -  
nary. ’ X I 5 OO
b. Water quenched Z r - 2 0 / N b
P r e c i p i t a t e s  in <* phase  
(x’tai T i )  identical  in app~^  
earane e  with  P in a,b & c.
P L A T E  4 .  / ^ P r e c i p i t a t e s
312
,/> i V' vi < ;
3  O
« £0 u
Q- e
i/» c*» w
1 I*- t» 
_  JB O
*, O'
3  e  O u 
_  o
£ P  C l .r  tn
O I .  
«  *> 
c  2  < 5
£
CM «<L
I " «e- o
t . o i n
Ov CL
© i
X
u O ? ? •o
O
i n
U  f
• v
2
In.<© a K 8
*»
o w +»
O l
£
n
r n
©
U 5
313
© Q
a. B a s k e t  weave t e x tu r e  of to b. w in I5 /Nb,  7 0 0  C
® i¥i 0
in Zr-| 570Nb, 4  0 0  C for 6 4 h. s h o r t  age. X 4 0 , 0 0 0
X 4 0 , 0 0 0
PLATE 6 .
197
w T e x t u r e  .
E X P E R I M E N T A L  A S P E C T S
315
PLATE 7  Thermally etched PLATE 8. p l a t e s  in a s - r e c e i v e d  a l l o y s ,
and q u e n c h e d  
Zr- 6^ Mo.
PLATE 9. Amorphous la y e r  in mechanically polishad Zp-6°£Mo .
/(IPLATE IO. P D is t r ib u t io n s  in w a t e r - q u e n c h e d  bi na ry  a l l o y s .

317
X 1 5 0 0
P LATE 13 O r i e n t a t i o n s  and d i s t r i  buttons.
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a. 5^Mo + Ha-*dyn. vac.(3m)-*w.q. 
PLATE 14 .  H y d rogen- in  duce d ft
a. §*£Mo dyn. vac, (4hY*Hg. q. b. 6°/Mo dyn. vae.-^Hg
PLATE 15. Vacuum t r e a t e d  a l lo ys  showing substantial  
remove!  o f  §*•
b. S \M o -t- 3 q\ \  Hfc-*■ H3 • \  
in a Z r-5^Mo a l l o y  .
319
— as
! 6h.  X B O O Se e  PLATE i 6 for  l o n g e r  t r e a t m e n t s
P L A T E  17.  Aged f ‘ mor pholo gie s  .
m m m m
6 > .  quenched. 5 O O  °C (lh).X 1 5 0 0  5 0 0  °C (2 h).X250
6  7  Mo 5 5 0  °C f o r  2 4  h. 7 2 h .  I w. X 5 0 0  .
tP
PLATE 16. A g e d  microstructures (Light  etching < a nd dark round $ ) .
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20cm .
water outlet 
to  vacuum 
H .Fcoil 
water inlet 
tap
stopper 
tungsten lead 
thermoccyole guide 
spm. suspension rod 
water j a c k e t  
Pt. PtrRn. thermocouple 
spm. suspension wire 
specimen (spm.) 
mercury vessel 
mercury inlet tap
-35cm-
58cn .
9 0 c m
A oil manometer
B mercury ma­
nometer
C cm. sc a les
D tap-hydrogen  
inlet
E hydrogen from 
cylinder
F manometer 
mercury
outlet
hydrogen sto ­
rage bottle
J  heater wind­
ing
K palladium tube
L heater power
lead
M sulphuric acid
bottle
N back-up bottle
O threeway tap
p by-pass tap
FIG.54. D etails of KF Vacuum Furnace FIG55. Details of Hydrogen Passing Assembly
N 
d
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3 4 0
33 0
3 2 0
310
X 3 0 0
2 9 0
C u r r e n t  r e s u l t s .
2 8 0 -----------  Iodide Z r - b a s c d  alloy .
  Sponge Z r - b a s c d  alloy,
cooling r a t e ,  l 2 0 ° C / s e c ?
4.0 5.0 6.0  7.0 8 0
M O L Y B D E N  U M  (AT. PER CENT)
F I G. 5 6. As-quenched hardness/composition f o r  Z r-M* alloys. 
N.B. General range 2 - 3  of corner  in se r t  r e p r e ­
sen t ing  /J A * Results approaching 3 .
310
3 0 0
2 9 0
2 8 0
2 7 0
0  1 2  3 4
ATOMIC P E R  CENT ALUMINIUM IN ZR-TjMO-
F I G. 5 7. The e f fe c t  of aluminium on the q u en ch ed  h a rd ­
n e s s  of a z irconium —7^molybde.num alloy.
z. 3 7 0a
>
<om
uj 3 6 0za
Q:
<
1  3 5 0
«a
a
UJ
5 340
z
UJ
o
3 30
2 3 4
H Y D R O  G E N  (AT. P E R  C E N T )
F I G .  5 8. The e f fe c t  of hydrogen on the quenched
h a r d n e s s  of a z irconium -  5^m olybdenum alloy.
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CL 4 5 0
-«r-® sr - - -s-5_° *5.
5 0 0  C
3 0 0
2h 72h
A G E I N G  T I M E  ( M I N U T E S )
F I G .  6 3 .  Age ing h a rd n ess /t im e  f o r a  zi rconium-S^raolybdenum-I.Sjalumin ium terna ry .  
5 0 0  ------------------1------------------------------------1------------------------------------1-----------------------------------
4 0 0 '
_45Q.*G __ _ - 0_
4 5 0
z
CL
> 5QQ*C_
-T- 5 5 0 * 010
U)
UJ
z  3 5 0
a
Or
< ,u 1
I
2 5 0
lw72 h
\o*
A G E I N G  T I ME  (MIN UTES ]
F I G>6 4 .  Ageing hardness^time for ZnTjjfcdo-I^AI t e r n a ry  alloy
z
CL
>  5 0 0
- - 4 ) ----0 ----m 4 5 0 S S O ’Cui
4 0 0  Cz
O 4 0 0
Or
<
350I
3 0 0
72h20h 30h
ID*
S S 3 N Q H V H
F I G . 6 5 ,  Ageing h a r d n e s s  t ime for  a Zr-7*£ Mo-3*£AI t e r n a r y  alloy-
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O O-------------4 o OeC
SOO t
4  5 6  7 8
M O L Y B D E N U M  (AT. PER CENT).
FI G . 6  8 . P l a te a u  hardness/composit ion f or ir -M o Unary  alloys.
5 0 0  C|
5 5 0  C 0
0  1 2  3 4
ATOMIC PER CENT ALUMINIUM IN Z R ^ O .
F I G . 6 9 .  E f f e c t  of aluminium on t h e  p l a t e a u  h a r d n e s s  of 
a Zr-7/^Mo alloy.
>
in
ui
z
Q 4 5 0  
<T
<
X
<
UI
H
4 0 0<
a
% Zr-5*/,Mo.
 Zr-6 */t Mo.
_ _ 0 ____Z r-7*£Mo.
5 5 04 5 0 5 0 03 5 0 4 0 0
T E M P E R A T U R E  °C 
F I  G . 7 0 .  P l a te a u  h a rd n e s s / t c m p e r a tu r c  fo r Zr-Mo b in a ry  alloys.
T E M P E R A T U R E  °C
F I G . 71. P la teau h a r d n c s s / t  c m pera tu rc  for  t e rna ry  a ll oys  
(Zr-7 ’(Mo-l and 37/1.).
'N
'd'A
5 0 0
4 0 0
3 0 0
200
— ft— Normal age (cot/?) plateau
 Retrogression plateau. '
— O— Reversion p la te a u .
 0 Normal age t o r
< (cj t  u) ) a l l oy  s .
4  5 6 7 8 9 IO II 12 13 14 15 16 17 18
M O L Y  B D E N U  M (A TO M  1C PER C E N T ).
F I G .7 2 .  Hardness/composition t r iang le  for Zr-Mo alloys .
7 0 0
\
| 1 1 1 i I 1 1
\ \
\
6 0 0
\
\
\\\®c
V
\ X .  oC-f- A .  N&
5 0 0
•  1■ ,  x  v
oC-h to
.  60 t  r  V .
4 0 0 - i X
1 a  From normal ageing p la teau  (Fig.7S.)
3 0 0 " X From r e t ro g r e s s io n  ( 5 5 0 ° c )
— —
0  From reversion  (5  0 0  °c]
■ »____ I____ 1____ 1____ 1 , J ....- 1 ........ Il’flW I —
2 4 6 6 IO 12 14 16 18 2 0
M O L Y B D E N U M  (AT. PER CENt )
F I C.73. The mctas table («•>■*■(*) field a s  determined from 
h a r d n e s s  p la teau  r e s u l t s .
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3.590
3.580
3 5 7 0
<  3 5 6 0
3.5 50
3 .540
3 5  3 0
O C u r re n t  r c t u l t f .
$  Miod ownik and Eliasz*.
Q Domagala e t  al.
▲ Rogers s Atkins ex trap o la ted  
from ZnNb. pa ram ct  cr/comp.
D Duwcz *Zr»Ti parametcr/c  omp.-
A Skinner « Johnson exp- 
a n sion data .
■  Russell  a-  a t  8 6 2  C.
F I G .7  4.
5 IO 15 2 0  25
M O L Y B O E  N U M  (AT. PER CENT) 
L a t t i c e  p a m e te r je o m p o s i t io n  fo r  Zn*Mo alloys.
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A P P E N D IX  B 
C R Y S T A L L O G R A P H IC  N O T E S
LATTICE EQUIVALENCE
The practice of obtaining aw and cw from  a  ^ for mixed ( + ^ 0)
quenched phases, the diffraction pattern of which is deceptively 
all-{£ , re s ts  upon the equivalence of the b .c .c .and  hexagonal 
la ttices under certain  conditions. These lead to relations best 
dem onstrated by resorting  to Figure 28 (reproduced from  page 
298 ). F ig u re28 (a) shows how the b .c.c . lattice is related  to the 
hexagonal and rhombohedral la ttices. The b .c .c .la ttice  is out­
lined by the fine lines, the heavy lines delineate the rhombohe­
dral cell and the hatched lines the base of the hexagonal cell. 
Figure 28(b) is a projection of, atoms on to a £ l l l  plane show­
ing the hexagonal cell which is oriented with respect to the 
cell with
'C0 0 0 r>jiex j| <^11 l^ b .c .c .
<\2 llQ >hex || < ^ ° l^ b .C.c.
thus there a re  four orientations of the hexagonal cell, each with 
a <^0001 ,^ hex paralle l to a ^ 1 1 1 ^  c c  of the . The cell p a ra ­
m eters are  related  as follows:
• ft
ahex = ab .c.c . (distance between atoms along face
diagonal, <^110^-)
chex = \  3*" ab.c.c. (distance between atoms along cube
diagonal, <^ 111^.)
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B.cc. la t t i c e  •
Base of hex. lattice.  
Rhombohedral lattice
k
*- a,[72lo]
L"°J,
Ui
p C£
O Atom at o o o OOO
4* Atom at
f  i s 2 1 1  3 3 2
X  Atom at 1 2 2  3 3 3
1 2 1 
3 3 2
F I G . 2 8. Reproduced . B.c.c.(f>) and hexagona l  (to) unit cell s .
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A  A
[  1 1 0  ]~101 Jj = 1 2 0 ° i.e . angle between £ l2 1 ol hex J^lToJhex.
£ ~  - 
i j t
c / a  = = 0.613
{ 2
Thtrg by implication if c/a / 0 * 613 the b«o<G» and hexa gonal la ttices will 
not be equivalent and a mixed (b0c 0c 0 + hexagonal) phase will display 
two separate diffraction p a tte rn s . Two such examples are  aged co 
with c / a  ranging fro(m 0 . 619 to 0.622 and u  zirconium with c / a  
of 1. 593. In any case, the o< -  orientations are  not exactly the 
same as the w - |3 orientations which produce the equivalence:
< 2 l l 0 >u | | < 1 . 0 > (J 
<oooi>u  ||
w hereas,
< 2 1 I 0 >  I 
< 0001>K II <110>p
Providing c / a  rem ains 0.613 the hexagonal axis need not change
length and the tO rem ains coherent with the & . The atom
2 1 2  1 2  1positions in ^ (Figure (b)) are  000; 3" 3* 3*? 3 3 3°
transform ation to to-they become 000; ^ 1 1 ;  i l l ,  Thus
’ 3 3 2 3 3 2
only atoms in the centre of the cell move. The actual transfo rm a­
tion of the diffraction indices with reference to the two cells may 
be accomplished by expressing the axis of the new cell in te rm s of
the old cell. Thus referring  to the vectors a j  a2 and a 3 (Figure 28 
(b), reproduced on page 352).
- pa^bo = 1 0  1 la  \ 0a £ l a / ' 1 0  1
a 2 «-o = 1 1 0  — l a / - l a 2^ 0a / ► or 1 I 0
c w = \  L1 1 ° ] ~ 4 a J
1 P
2 a 2
1 P 
2 a 3 J
1 1 1 
2 2 2
Note that a j  is  a vector in the [001]^ direction of magnitude 
a^ etc. etc.
After transform ation to co extra diffractions occur which can 
only be indexed (exactly if c / a  = 0. 613 or approximately if c / a  /
0.613) on a large 3 x 3 x 3  cubic cell. It is  the sm aller fl values 
arising  from  the all ^ pattern of quenched alloys that caused 
ea rlie r  investigators to assum e aged to possessed a large 3 x 3 x 3  
cubic cell. If the same indices are  employed then the above tra n s ­
form ation y ields:-
355
i.e . 1 1 0 3 3 0 —^ 3 x i  + 0 x 3 + 0 x i  = I
3 x i + 3 x i + 0 x j = 0  
3 x i + 3 x i + 0 x 4 = 16 0 6
or (1 0 1 1 )^ = 1 0 . 1^
As c / a  changes from  0.613, c increases from  4 /¥ .  a. and
   Z p
possibly a decreases from  V2 .a . The same m atrix can be 
used for transform ing diffraction indices but since =
12+ —«, diffractions which superimpose^ if  
c / a  = 0.613 separate when c / a  /  0.613.
DIFFRACTION INTENSITIES
When lattice points are  provided with rea l atoms then even 
two equivalent structu res, e.g. and tom , may be differentia­
ted by a careful analysis of diffraction intensities. Ignoring the 
angular contribution to the diffraction intensity, the pF^ values 
for j? , to and oC are  given for comparison (the calculation of 
diffraction intensities is discussed by Cullity272 and Taylor .273)
The bracketed to -lines (Table B2 ) superim pose on the indicated 
lines. Thus the observed intensity (pF2) of a superim posed 
line will be at variance with the calculated value. Furtherm ore, 
where there is no superposition such as the (400), the observed 
intensity should equal the calculated value. Thus if the (4001 line
f 4 \ h2 + hk + l2 
V 3 / a 2
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(pF^ = 24) is absent in the diffraction pattern of a quenched 
alloy, it may be assum ed that the f t phase is not completely 
retained and that a second phase is p resent. When the quenched 
phase is all ft then the intensity of the (400)^ is the same as
TABLE Bo 1
P  phase-Calculated diffraction intensities, pF^
N h k l jp2 P pF^
2 n o 4 12 48
4 2 2 0 4 6 24
6 1 1 2 4 24 96
8 2 2 0 4 12 48
10 3 1 0 4 24 96
12 2 2 2 4 8 32
i4 3 1 2 4 48 192
16 4 0 0 4 6 24
18 f 3 3 0 4 12 48 1 
V 144
14 1 1 4 24 96 J
the (220)^ . The appearance of the (400)^ diffraction with the 
addition of 3% A1 to Zr-7% Mo thus indicates an increased amount 
of retained ft . Whether this increase obtains 100% f  with respect 
to to m will depend on the magnitude of the observed intensity when 
compared to the pF^ value of 24.
TABLE B .2
60pF2 and 0pF 2
h k l
!
h k i l
to
h-k = 3n, 1 even 
F 2 = 9; 1 odd F2 = 1 
h-k=£ 3n, 1 even 
F 2 = 0 ;lodd F2 =4
to F2 to pF 2 ^  pF 2
0 0 0 1 h-k  = 3n 1 odd 1 2
1 1 0 .1011 h-k ^ 3n 1 odd 4 96 48
1 1 2 0 h-k = 3n 1 even 9 54
2 0 2 0 h-k  7^  3n 1 even 0 0
1121 h-k  = 3n 1 odd 1 12
2 0 0 2 0 2 1 h-k  ^ 3n 1 odd 4 48 24
2130 h-k  j- 3 1 even 0 0
0 0 0 2 h-k  = 3 1 even 9 18
f l 0 l 2 h-k 1  3 1 even 0 0
112 12131 h-k ^ 3 1 odd 4 96 96
^3030 h-k  = 3 1 even 9 108
f 1 1 2 2 h-k = 3n 1 even 9 108
13031 h-k  = 3n 1 odd 1 24
2 2 0 f 2 0 2 2 0 0 48 ■
(.2240 9 54
3140 0 0
2241 1 12
310 f 2132 0 0 96
13141 4 96
4040 0 0
3032 9
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TABLE B ,2  (cont’d)
h k l
#
h k i l
io
h-k = 3n, 1 even 
F 2 = 9,1 odd F 2 = 1 
h-k  = 3n, 1 even 
F 2 = 0,1 odd F 2 =4
toF2 w pF 2 p pF 2
2 2 2 f 0003 1 2 32
14041 4 96
f 1013 4 96
13250 0 0
2242 9 108
r 1123 1 12
321 |  3142 0 0 192
'*3251 4 96
4150 0 0
2023 4 96
4151 1 24
400 {4042 0 0 24
,>2133 4 96
15050 0 0
3033 1 24
330 *3252 0 0
411 4 5051 4 96 48 „ l 144
^3360 9 54
r 1«
96/
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A P P E N D IX  C
LATTICE PARAMETER COMPUTATION METHODS 
£ LATTICE PARAMETER -  E ntries
The form  of entry adopted for recording data associated with 
lattice param eter determ inations is guided purely by conveni­
ence . The basis of the diffraction experiment is the Bragg r e ­
lation n A = 2 d sin & where the order of reflection, n, is generally 
assum ed to be unity; and A ?the wavelength of the incident beam 
(its value is fixed in the experimental set-up by employing a 
suitable filter); d is the interplanar distance; and B is half the 
value of the diffraction angle — in other words, it is  2 & which is 
usually m easured experimentally. Thus a record  may consist of . 
columns showing linear distances, the equivalent & for these 
distances, sin d or sin^ & 9 the diffracting planes (i.e. h k l), the 
computed d or param eter values. The table may also include visual 
estim ates of line in tensities. Table D.l-2.. (Z r-6%'Mo) is a typical 
record  for quenched f  alloys.
Calculations
Sample calculations (Z r-6 % Mo) are  shown in Table D.l-2. It will 
be observed that the determination of the linear distances which 
provide B values assum e some reference line. This necessi­
ta tes careful determination of the length of the film  between two 
centre holes, hence the determination of their positions.
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Extrapolations
The precision attending these lattice param eter m easurem ents 
is variable depending on whether the specimens a re  in the 
quenched condition, aged for short periods or for long periods. 
Techniques employed to obtain precise  lattice param eters 
generally assum e that the improvements are  to be made on 
true values. These in turn may only be obtained after co rre c t­
ing for the effects of beam divergence and absorption. The elim i­
nation of e r ro rs  ascribed to such sources is achieved by ex tra ­
polation of the lattice param eter to ® = 90°. The function general­
ly employed is the one by Nelson and Riley2?2 although for less 
accurate work (i.e .fo r 8  < 65°), some other function such as 
sin^ 0  or cos2 Q may be adequate. Two extrapolations are  shown 
(Figures D.. 1-2,D. 1-3) to illustrate  the corrections resulting in the 
lattice param eter. The Nelson-Riley function is employed for 
the specimen in the quenched condition, while a simple sin2 © is 
used for the less accurate m easurem ents of aged specimen.
LATTICE PARAMETER
The methods discussed above are  applicable to hexagonal lattices 
if reflections of the type hki O and 0001 are  available. For ©<. 
zirconium, the a0  param eter can be determined from  the re flec ­
tions (3030), (2130) and (2020). The reflection (3030) occurs at 
about 73°, a fairly  high Bragg anglefalthough for very accurate 
m easurem ents, an angle of more than 80° is desirable. FigureD .3-1 
shows the extrapolation for a quenched pure zirconium . Having
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obtained the true value for a0, the c0  param eter may be calculated 
easily by substitution in the equation
The diffraction pattern of o< coexisting with one for two phases 
(as in aged specimens) often lacks the suitable h k l  which p e r ­
mit the ready calculation of a0 . One or two may exist at low 
angles; nevertheless, the determination of a0  and c0  require 
the laborious methods (e.g. the method of Cohen297) or the so ­
lution of simultaneous quadratics . These difficulties may be 
obviated by employing the tables described below.
ON THE USE OF HEXAGONAL LATTICE PARAMETER TABLES
The determ ination of lattice param eter in h.c.p. m aterials in­
volves the solution of the following equation, which contains two 
unknowns, a0  and c0:
where & is the Bragg angle for any reflecting plane (hk .l), and 
A is the wavelength of the radiation. As suggested by Lipson 
and W ilson,280 provided that an approximate axial ratio  is known, 
a0  and c0  may be calculated independently as follows:
sin2 0  = ( | ) 2 f .  (h2 + hk + k2) , l£. "I 
1 3a2 c2 J
(19)
(20)
a° 2 sin © I  (h2 + hk + k2) + l2, ( ^ ) 2 = d(hk- y J.A (2 1 )
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2 - L e  J | ( h 2 + hk + k2 ) ( | ) 2 + i2 = d(hk_ 1} (2 2 )
where J A  and J C  re fe r to the square-root te rm s in the resp ec­
tive equations. In order to eliminate the calculation of the functions
for each separate determination of lattice spacings, 
values of these functions for the f irs t thirty-tw o lines of the h.c .p. 
D ebye-Scherrer powder pattern have been computed by M assalski
for values of c / a  between 1. 500 and 1. 900. While this range is 
suitable for the determination of o i -zirconium  param eters, it is 
beyond the range for <c p aram eters. It has thus been necessary 
to construct a sim ilar table very much lim ited in scope and p re ­
cision for c / a  values of 0.613-0.628. This table is appended on 
page.
The procedure for use is as follows:
1 An approximate axial ratio: is calculated from  the values 
of sin 9  for reflections of the type (h. o.o) and (crol) using 
the relationship
2 Values of a0  a re  calculated using the tables of \/A for this 
assum ed c / a .  They a re  then plotted against a suitable func­
tion such as the Nelson-Riley function.
3 From  the positions, relative to the straight line, of the a0 
values for the reflections of the high 1 index, it is  establish­
ed whether the assum ed axial ratio  is too high or too low.
and K i n g 2 6 5 , 2 6 6  correct to seven figures on an IBM  6 5 0  machine
( 2 3 )
which is derived from  equations 21  and 2 2 .
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Accordingly, a new c / a  is assumed which will cause the 
a0  values to conform more closely to the straight line drawn 
through the data for the remaining reflections.
4 Step 2 is repeated for the new assumed axial ratio .
5 The values of a0, calculated and plotted as in step 2 for 
this optimum axial ratio  l, will in general conform closely to 
a straight line plot from which the a0  param eter may be 
obtained by extrapolation to & = 90°.
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TABLE D. 1-3
P  Lattice param eter - Sample of computed en tries * 
Zr-5% Mo (5M28X) Aged at 450°C for 20 hours .
Line No. 6 sin^ 1 N h k l
0
a ? A
1 17.714 0.0925
2 17.936 0.0949 2 1 1 0 3.5388
3 10
4 25.593 0.1889 4 2 0 0 3.5637
5 CO
6 32.007 0.2810 6 112 3.5496
7 35.461 0.3366 co
8 37.774 0.3751 8 2 2 0 3.5520
9 43.330 0.4708 10 310 3.5527
; t  ! ; T t [ I  ;'| r:; ':;f;
;■ ■■■' - ■ < v    ! ■ -  j ■ ! ■ y-
ft J.■fgrguvus.ter 9 f £; Bj/.SjE
TABLE D .2
O
to phase lattice param eters, A
f z r - 5 %  Mo 
400°C
a c
c
a
18 hrs 5 .0 5 1 t  0.003 3.136 + 0.003 0.621
72 hrs 5.053 3.137 0.621
1 wk 5.053 + 0.004 3.143 + 0.004 0.622
450°C
2 h rs
30 h rs 5.058 3.146 0.622
72 hrs 5.056 3.140 0.621
1 wk 5.058 3.146 0.622
500°C
10  min 5.057 3.134 0.620
1 hr 5.064 3.140 0.620
550°C
10  min 5.068 3.132 0.618
Z r - 6 % Mo
400°C
45 h rs 5.037 3.127 0.621
93 h rs 5.049 3.135 0.621
450°C
4 hrs 5.048 3.134 0.621
45 h rs 5.053 3.137 0.621
93 h rs 5.056 3.144 0.622
TABLE D .2 (cont'd)
0  phase lattice param eters, A
Z r - 6% Mo
500°C
a c ca
5 min 5.059 3.136 0.620
1 h r 5.052 3.126 0.619
8 h rs 5.058 3.138 0.621
550°C
40 min 5.057 3.132 0.620
Zr-7% Mo
400°C
72 hrs 5.047 3.143 0.623
- H
1 ;
ar\
*5,0 4  9
: : ....
1
rf
Table
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TABLE D .2-1
to (and jS ) lattice param eters — Sample of computed en tries 
Zr-6% Mo (6M38X) Aged at 4Q0°C for 93 hours
Line No.
r- ---  ---
0 ° sin2$. d h k .1 ^
©
ap , A a^  A*
1 17.707 0.0925 2.53458 11.0,10.1?. 5.059?
'2 17.941 0.0949 3.5388
3 23.213 0.1553 1.95582 111*0 5.021
✓4 25.785 0.1892 3.543?
5 29.542 0.2431 1.56347 00.2 5.035
^6 32.175 0.2836 3.5457
7 35.598 0.3389 1.32433 11.2 5.020
^8 37.925 0.3777 3.5470
^9 43.430 0.4726 3.5460
10 46.357 0.5238 1.06527 30.2 5.038
'11 48.780 0.5658 3.5502
12 49.521 0.5785 1.01347 32.0 5.033
13 51.819 0.6179 0.98069 22.2 5.036
/14 54.335 0.6601 3.5501
15 55.015 0.6713 0.940910 20.3 5.038
16 60.995 0.7650 0.881443 50.0 ?
417 66.950 0.8468 3.5512
118 67.300 0.8511 3.5508
19 71.437 0.8987 0.813198 41 .2 ,33 .1
N.B. V p lines.
* CO values a re  those lying on the straight line ( i .e .c /a = 0.621)
in Figure D .2-1 .
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TABLE D .3
0
0 6 phase lattice param eters, A.
P ure (van Arkel) zirconium; a = 3.232 ± 0 .001 A, c = 5.143 +
Zr-5% Mo 
550°C
a c ca
30 h rs 3.234 + 0.003 5.142 + 0.003 1.590
72 h rs 3.233 5.143 1.591
1 wk 3.238 + 0.002 5.147 1 0.002 1.590
500°C
72 h rs 3.235 5.146 1.591
1 wk 3.233 5.140 1.590
Z r - 6 % Mo
550°C
16 hrs 3.233 5.140 1.590
30 h rs 3.236 5.145 1.590
1 wk 3.235 5.146 1.591
500°C
24 h rs 3.232 5.135 1.589
80 h rs 3.233 5.140 1.590
Zr-7% Mo
550°C
30 h rs 3.233 5.137 1.589
72 h rs 3.234 5.142 1.590
1 wk 3.238 5.143 1.592
500°C
2 0  h rs 3.233 5.134 1.588
72 h rs 3.234 5.138 1.589
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TA BLED. 3-2
Phase lattice param eters — Sample of computed e n tr ie s , 
Aged at 550°C for 1 wk.
■....  "
Line No. a 0 1 sin^ | d h k .l
0
a ^ , A
o
Cc<, A
1 16.117 0.0771 2.776 10.0 3.203
2 17.500 2.570 00.2 5.140
3 18.367 0.0993 2.446 10.1
4 19.780 0.1145 2.278 comp.?
5 20.636 0.1243 2.1873 comp.?
6 24.185 0.1679 1.8816 10.2
7 28.654 0.2298 1.6078 11.0 3.215
8 31.886 0.2794 10.3
9 33.534 0.3051 1.3954 20.0 3.219
10 34.402 0.3192 1.3644 11.2
11 34.941 0.3281 1.3459 20.1
12 38.934 0.3948 1.2267 20.2
13 41.361 0.4367 1.1606 10.4
14 45.418 0.5073 1.0823 20.3
15 46.920 0.5334 1.055 comp.?
16 48.143 0.5547 1.0350 comp.?
17 50.013 0.5870 1.0061 11.4
18 52.073 0.6221 0.9773 21.2
19 52.973 0.6372 0.9656 10.5
20 54.545 0.6636 0.9463 20.4
21 55.686 0.6823 0.9326 30.0 3.228
22 55.844 0.6848 0.9330 3.229
23 58.855 0.7324 0.9000 213 3.232 5.139
24 59.026 0.7352 0.9006 3.233 5.140
25 61.517 0.7726 0.8763 30.2 3.231 5.140
26
_______ __
61.687 0.7752 0.8771 3.232 5.142
ed a\ 5 5 0*&\Z Z *  k
a j  = 3,2. 3 <3
- - - -  c.* = 5.147
T
-t..i t
5 + 3 0
- 4
! 4
i
H
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TABLED. 3-3
®c Phase lattice param eters — Sample of computed en tries. 
Zr-6% Mo (6M13X) Aged at 550°C for 1 week ,
Line No. 6 ° sin^ 0 d h k . l
0 Q
C o , > A
1 16.048 0.0765 2.7886 10.0 3.217
2 16.485 0.0805 2.5660 00.2 5.132
3 18.377 0.0994 2.4451 10.1
4 * 19.769 0.1144 2.2791
5* 20.636 0.1243 2.1873
6 24.085 0.1666 1.8890 10.2
7 28.585 0.2289 1.6118 11.0 3.221
8 31.900 0.2792 1.4580 10.3
9 33.482 0.3043 1.3973 20.0 3.225
10 34.400 0.3193 1.3644 11.2
11 34.969 0.3285 1.3404 20.1
12 36.899 0.3605 1.2839 00.4 5.136
13 38.924 0.3946 1.2269 20.2 3.225
14 41.348 0.4365 1.1668 10.4 3.226 j
15* 42.013 0.4479 1.15178 ?
16 45.379 0.5066 1.0830 20.3
17 46.917 0.5334 1.0554
18 48.151 0.5549 1.0348
19 49.935 0.5858 1.0072 11.4
20* 51.296 0.0691 0.09878
21 51.948 0.6202 0.9789
22 53.024 0.6381 0.9649
23 55.685 0 . 6821 0.9333 30.0 3.228
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TABLE D .3-3 (cont'd)
Line No. 6 ° sin^ & d h k .l
o
a*, A
o
CZX. s A
24 58.922 0.7335 0.9000 21.3
25 61.567 0.7734 0.8766 30.2
26 68.433 0.8649 0.8289 20.5
27 70.692 0.8908 0.8168
28 71.945 0.9041
* compound or ? 8^= 3.235 A.
cx = 5.146 A
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